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FORliWoi 


In  presenting  the  report  of  this  investigation  the  writer  realizes 
that  it  deals  with  the  operation  of  commercial  apparatus  manu- 
factured and  installed  by  private  interests,  and  accordingly  a 
determined  effort  has  been  made  to  eliminate  all  commercialism, 
presenting  merely  the  facts  as  they  were  found  in  the  pursuit  of 
the  tests  of  this  apparatus. 

The  work  has  been  done  in  connection  with  the  college  of 
engineering  of  the  University  of  Wisconsin  by  parties  aggregat- 
ing ten  engineering  students  with  which  the  writer  was  asso- 
ciated. The  details  of  these  tests  may  be  obtained  from  the  grad- 
uating theses  written  by  the  senior  students  of  these  parties,  to 
which  due  reference  is  made  later.  This  report  contains  no  minor 
data,  in  that  only  the  typical  results,  as  selected  from  the  great 
mass  of  test  data,  are  presented. 

I  wish  to  take  this  occasion  to  express  my  appreciation  of  the 
interest  and  efforts  of  the  various  railway  officials  imder  whom 
this  series  of  tests  has  been  carried  out.  without  which  it  would 
have  been  impossible.  I  refer  to  Mr.  C.  B.  Young,  ilechanical  En- 
gineer, C.  B.  &  Q.  Ry.,  i\Ir.  W.  J.  Bohan,  'Chief  Draughtsman, 
Northern  Pacific  Ry.,  Mr.  J.  F.  De  Voy.  Mechanical  Engineer, 
C,  M.  &  St.  P.  Ry.,  Mr.  A.  J.  Farrelly,  Electrical  Engineer,  C. 
&  N.  W.  Ry. 

^Iv.  F.  W.  Huels.  instructor  in  steam  engineering.  Univt>rsity 
of  Wisconsin,  very  ably  conducted  the  tests  of  the  Westinghouse 
Engine  equipments  on  the  C.  M.  &  St.  P.  Ry..  and  the  C.  &  N. 
W.  Ry.,  and  is  now  following  this  with  some  tests  to  determine 
the  effect  of  reciprocating  engines  and  turbine  equipments  in  the 
baggage  car,  on  train  vibration. 

I  also  wish  to  thank  the  senior  students  of  the  testing  crews 
for  their  efforts  and  assistance  in  making  these  tests:     I  refer 
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to  Messrs.  \V.  A.  li.Ttke.  .].  I.  P.usli,  0.  B.  Cade,  H.  L.  Heller, 
A.  V.  Hoefer,  Edgar  Kearney.  C.  S.  Peters,  I.  L.  Reynolds  and 
A.  J.  Walsh. 

I  also  wish  to  take  this  occasion  to  express  my  deepest  appre- 
ciation of  the  able  guidance  and  inspiration  given  'to  this  inves- 
tigation by  my  friend  and  teacher,  D.  C.  Jackson,  Professor  of 
Electrical  Engineering,  University  of  Wisconsin. 

Edward  Wray. 
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IXVHSTir;ATIO\''OF  MHTIIODS  OF  RAILWAY 
TRAIX   LICHTINC 


CHAPTER  I 
INTRODUCTION 


The  subject  of  railway  car  lighting  is  one  which,  like  the  rail- 
way itself,  has  developed  with  the  times.  It  is  a  tradition  that 
the  honor  of  first  lighting  railway  cars  belongs  to  one  Thos. 
Dixon,  the  driver  of  the  Experime7it,  as  the  coach  was  called,  on 
the  Stockton  &  Darlington  Railway,  England,  in  1825.  It  is 
said  that  on  the  dark  winter  nights,  out  of  pure  goodness  of 
heart,  he  used  to  bring  in  a  penny  candle  and  set  it  on  the  rough 
oak  board  that  served  as  a  table  in  the  center  of  the  coach.  In 
those  days  the  railway  companies  made  no  effort  to  light  their 
cars  except  to  offer  candles  for  sale  to  passengers.  Gradually 
times  changed  and  the  railway  companies 'furnished  a  few  smoky 
candles  to  be  placed  in  each  car.  This  was  only  to  enable  the 
passenger  to  find  his  way  in  and  out  of  the  car  and  took  no 
thought  of  his  real  comfort  and  accommodation.  Later,  oil 
lamps  were  substituted  in  place  of  the  candles,  and  these,  though 
at  first  only  a  slight  improvement  over  candles,  were  improved 
and  developed  to  give  a  fairly  good  light  as  the 'railway  prac- 
tice developed. 

Car  lighting  has  followed  the  same  general  lines  of  de- 
velopment as  have  the  connnon  methods  of  house  and  street 
illumination,  but  at  no  time  till  within  the  last  few  years  has 
any  method  of  railway  car  lighting  been  equal  to  that  employed 
in  houses  or  public  places.  The  reason  for  this  is  obviously  in 
the  great  diffienlty  of  adapting  nny  method  of  illumination  to 
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the  severe  euiKlitioiis  of  railway  service.  But,  nevertheless,  prac- 
tically all  of  the  house  and  street  illuminants  have  been  utilized 
in  lightiut;  railway  trains  and  in  addition  to  this  the  vast  ap- 
pliciition  of  compressed  Pintsch  gas  for  lighting  railway  cars 
has  been  developed. 

"While  a  consideration  of  all  of  the  various  methods  of  car  il- 
luiiiinatiou  would  be  very  interesting,  they  cannot  be  considered 
within  the  limits  of  this  investigation,  so  in  the  ensuing 'chap- 
ters the  subject  will  be  treated  only  in  the  application  of  elec- 
tricity to  the  illumination  of  railway  cars. 

As  early  as  1881,  the  London,  Brighton  and  South  Coast 
Railway  of  England  tried  lighting  some  of  their  cars  from  elec- 
tric storage  battery  sets,  and  at  the  same  time  experimented  on 
trains  with  dynamos,  located  in  the  guards'  van,  driven  from 
the  car  axle.  This,  by  the  way,  was  only  two  years  after  the 
development  of  the  incandescent  lamp. 

Several  experiments  on  other  English  railways  followed  di- 
rectly ;  the  Great  Northern  equipped  several  trains  with  a 
dynamo  mounted  in  the  guards'  van  driven  by  the  car  axle  and 
furnishing  light  to  the  entire  train,  there  being  a  storage  battery 
auxiliary  to  light  the  lights  while  the  train  stopped.  A  little 
later,  the  Great  Eastern  equipped  eighteen  trains  with  a  system 
employing  a  dynamo  located  on  the  tender  driven  by  a  steam 
engine;  this  receiving  steam  from  the  locomotive.  On  these 
trains  an  auxiliary  storage  battery  was  placed  on  each  car. 

The  results  of  these  early  experiments  in  England  seemed 
to  favor  the  axle  driven  system  as  operated  on  the  Brighton; 
that  company  being  so  w^ell  satisfied  with  the  equipment  as  to 
operate  about  800  cars  by  this  method  of  lighting,  and  the  com- 
pany still  operates  about  200  cars  on  the  same  principles.  These, 
however,  are  being  rapidly  replaced  by  the  Stone  axle  equip- 
ment, described  more  fully  later. 

In  France,  as  early  as  1886,  a  train  was  equipped  with  a  set  of 
bi-chromate  primary  batteries  and  was  operated  for  a  year  or  so 
on  cars  running  between  Paris  and  Brussels.  Numerous  ex- 
periments were  also  made  using  lead  accumulators  to  light  the 
cars,  but  these,  due  to  the  imperfect  and  expensive  lead  accumu- 
lators of  that  day,  were  quite  inconclusive  and  unsatisfactory. 
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Later,  however,  as  the  lead  cell  was  perfected  and  cheapened 
in  price,  this  type  of  equipment  came  into  more  general  use 
in  France. 

In  Germany  the  use  of  storage  batteries  was  developed  at  an 
early  date  to  such  an  extent  that  by  1893  about  2,500  mail  cars 
alone  were   equipped   with  this   form  of  illumination. 

In  1898  the  Prussian  State  Railways  conducted  a  series  of  tests 
on  the  Stone  axle  equipment  (see  page  12)  but  after  about  two 
years'  trial  of  these  equipments  they  were  abandoned  and  all 
apparatus  was  removed  from  the  cars. 

Later,  in  1900,  the  Prussian  State  Railways  began  experi- 
menting with  steam  driven  generators,  and  as  a  result  of  these 
experiments  have  adopted  as  standard  equii)ment,  a  system 
using  a  steam  turbine  generator  set  located  on  top  of  the  loco- 
motive that  operates  at  full  boiler  pressure  and  is  controlled  by 
the  engine  driver.  There  is  also  an  auxiliary  of  storage  bat- 
teries on  the  cars  for  use  during  engine  changes.  This  equip- 
ment is  very  satisfactory  and  its  operators  believe  they  have  at 
last  found  a  solution  of  the  train  lighting  problem. 

Developments  in  America  did  not  receive  such  a  stimulus 
in  the  early  days.  In  1886  the  Boston  and  Albany  Railway 
equipped  a  few  cars  with  straight  storage  battery  equipments 
as  an  experiment,  but  found  it  rather  expensive  as  shoAAn  by  the 
statement  of  Mr.  F.  D.  Adams,  their  Master  Car  Builder,  in 
1892  when  he  said  "no  road  can  afford  to  put  electric  lights 
on  its  trains;  any  road  of  modest  dimensions  would  be  ruined 
by  it  in  a  little  while."  In  the  yeai'  1885  the  Pennsylvania  Rail- 
road Company  equipped  eight  of  its  parlor  cars  with  storage 
cells  for  lighting  purposes.  The  next  year  witnessed  an  active 
campaign  by  the  two  battery  companies  then  in  existence  and 
several  cars  were  equipped  with  this  type  of  equipment  and  to 
this  day  the  Pennsylvania  road  has  a  large  percentage  of  cars 
equipped  with  straight  storage  battery  lighting. 

The  Chicago.  ^Milwaukee  and  St.  Paul  Railroad  has  been  par- 
ticularly active  in  the  development  of  the  steam  driven  gen- 
erator sets,  more  commonly  known  as  "baggage  car"  or  "head- 
end" sets.  As  early  as  1888  this  road  equipped  a  special  car 
with  a  boiler  and  engine-generator  set,  the  purpose  of  which 
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\v;is  to  funiish  l)otli  light  aud  heat  to  the  whole  train  during  the 
wiiilcr  months.  In  the  summer  the  engine  and  dynamo  were 
traiisf erred  to  a  baggage  car  where  they  operated  to  light  the 
train.  This  equipment  was  successful  in  its  operation  and  gave 
some  gratifying  results  in  regard  to  cost  of  operation.  These 
are  discussed  more  in  detail  in  another  part  of  the  report  and 
will  not  be  considered  further  here.  Sufficient  to  say  that  that 
road  has  adopted  the  high  speed  Westinghouse  engine-genera- 
tor set  located  in  the  baggage  car,  as  standard  equipment,  and 
is  at  present  using  essentially  the  same  equipment,  having  about 
300  cars  equipped  for  this  kind  of  lighting. 

Recently  the  General  Electric  Company  has  developed  a  Cur- 
tis turbo-generator  set  for  this  service  operating  at  3,600  R.  P. 
M.,  which  is  also  discussed  at  length  later  and  will  only  be  men- 
tioned here. 

The  De  Laval  Turbine  Company  have  several  turbo- 
generator sets  in  operation  on  the  Pennsylvania  Railroad  for 
lighting  its  through  trains.  These  are  located  in  the  baggage 
cars  and  operate  at  20,000  R.  P.  M.,  a  10  to  1  gear  transmission 
driving  the  generator  at  2.000  R.  P.  M. 

The  Penn.sylvania  Railroad  Company  has  also  recently  equip- 
ped several  of  its  engines  with  Curtis  turbine  generator  sets  lo- 
cated on  top  of  the  locomotive  such  as  the  Germans  have  foimd 
so  satisfactory. 

The  development  of  the  more  modem  methods  of  axle  light- 
ing has  been  worked  out  largely  in  America,  and  some  of  the 
more  t3^ieal  devices  will  now  be  described.  The  axle  lighting 
problem  is,  however,  discussed  more  comprehensively  on  page  111. 

Development  of  Axi^e  Lighting  in  England 

The  earliest  attempt  at  lighting  a  train  by  means  of  a  gener- 
ator driven  from  the  axle  was  probably  that  made  in  1883  by  the 
Tjondon,  Brighton  and  South  Coast  Railway  in  England.  A 
generator  was  mounted  in  the  guard's  van  and  was  belted  to  the 
axle.  A  mechanical  device  served  both  as  pole  changer  and  auto- 
matic switch.  This  consisted  of  a  large  threaded  screw  or  worm 
fitted  into  a  half  cylinder  laid  horizontally.     Mercury  was  then 
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poured  in  and  the  worm  belted  to  the  generator.  As  the  speed 
increased  the  mercury  was  forced  to  an  end  of  the  cylinder  and 
completed  the  field  circuit  of  the  generator.  There  were  two 
pairs  of  armature  brushes,  one  pair  only  operating  at  once. 
These  were  mounted  on  a  rocker  frame  which,  when  the  cir- 
cuit was  closed  in  one  tube,  was  caused  to  swing  over  by  an 
electro-magnet  so  as  to  engage  the  proper  brushes  with  the  re- 
volving armature.  On  reverse  direction  the  mercury  was  forced 
into  the  other  end  of  the  tube  by  the  revolving  screw  and  the 
other  pair  of  brushes  made  to  operate,  thus  keeping  the  proper 
polarity  in  the  circuit.  No  provision  is  mentioned  for  regulating 
voltage,  the  battery  being  depended  on  as  a  regulator.  "When  the 
lights  were  on  and  the  generator  furnished  too  nuich  current  the 
battery  took  the  excess  and  when  not  furnishing  enough  the  bat- 
tery made  up  the  deficiency.  When  the  speed  of  the  train  slack- 
ened the  fall  of  mercury  in  the  tube  broke  the  circuit. 

This  equipment  seemed  to  give  satisfactory  results,  which  is  sur- 
prising in  that  no  attempt  was  made  at  voltage  regulation,  but  this 
is  undoubtedly  explained  by  the  fact  that  they  used  a  large  bat- 
tery, 500  ampere  hour,  with  a  56  ampere  40  volt  machine,  so  that 
on  the  higher  speeds  the  increased  battery  charge  would  cause 
greater  armature  reactions,  which  were  undoubtedly  high  \n  that 
machine,  and  would  so  tend  to  regulate  the  voltage  inherently. 
This  in  the  present  stage  of  development  would  be  considered 
as  deplorably  poor  and  unsatisfactory,  though  in  the  early  days 
it  satisfied  the  operators. 

Later,  on  this  same  line,  a  modification  of  the  above  was  em- 
ployed in  that  regulation  of  the  generator  voltage  was  attempted 
by  shifting  the  position  of  the  brushes  as  the  train  speed  in- 
creased, thus  decreasing  the  effective  coils  in  the  armature  wind- 
ing. This  was  effected  by  means  of  a  centrifugal  governor  which 
also  served  to  close  the  generator  circuit  when  the  critical  speed 
was  reached.  In  this  equipment  which  was  very  extensively 
employed  on  that  road  at  the  time,  the  generator  and  regulator 
were  located  on  the  guard's  van  and  supplied  light  to  the  whole 
train  of  ten  cars. 

Later,  in  about  1896.  a  system  known  as  the  Stone  system  was 
developed  and  will  now  be  considered. 
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TiiK  Stone  System  of  Axle  Lighting 


This  iMiuipmcut  was  iuvented  in  1895  by  Mr.  A.  B.  Gill,  and 
was  ilevi'lopod  and  improved  by  Messrs.  J.  Stone  &  Co.,  of  Dept- 
ford.  Enirland,  hence  is  known  as  the  Stone  system.  It  has 
reached  ahnost  universal  adoption  on  the  English  railways  and 
accordingly  a  consideration  of  the  equipment  must  be  accorded 
in  this  investigation. 

The  characteristic  feature  of  the  equipment  is  that  each  car 
is  a  unit  by  itself,  thus  affording  a  much  more  flexible  system 
than  that  of  the  earlier  systems  of  England,  where  the  genera- 
ror  was  located  in  the  guard's  van.  this  being  suitable  for  block 
trains  only.  The  equipment  consists  essentially  of  a  generator,  a 
storage  battery  to  act  as  auxiliary  when  the  generator  is  in- 
operative, and  an  automatic  switch  to  close  the  generator  cir- 
cuit when  the  critical  speed  has  been  attained. 

The  principle  underlying  the  operation  of  this  equipment  is 
that  regulation  is  obtained  by  allowing  the  belt  to  slip.  As  the 
speed  of  the  train  rises  the  generator  voltage  will  tend  to  rise 
proportionally,  this  causing  a  great  battery  charging  current  to 
flow,  thus  increasing  the  generator  output  and  belt  pull. 


Plate  I. — Showing  Plan  of  Generator  Suspension. 

The  generator  suspension  is  sliowii  on  Plate  I.  It  is 
supported  at  one  comer  of  its  frame  by  the  adjustable 
link  A,  in  such  a  manner  that  it  is  free  to  swing  toward 
or  away  from  the  driving  axle.    The  suspending  link  is  so  placed 

[12] 


WB.VY METHODS    OF    RAILWAY    LIGITTING 


13 


that  the  belt  draws  the  dyiianio  out  of  the  diagonal  position  in 
which  it  would  naturally  hang,  thus  putting  a  definite  tension 
on  the  belt,  just  sufficient  to  absorb  the  power  required.  It  is 
obvious  that  when  the  pull  on  the  belt  exceeds  that  due  to  the 
offset  suspension  of  the  (I>-iiaiii(i  that  the  dynamo  will  b<'  drawn 
toward  the  axle  and  the  belt  allowed  to  slip.  Thus  the  generator 
will  run  at  practically  constant  speed  for  all  values  of  train 
speed  above  the  critical  value. 

A  strong  mechanical  governor  automatically  closes  the  gen- 
erator circuit  when  critical  speed  has  been  reached. 

A  storage  battery  is  snspended  undenieath  the  car  to  act 
as  auxiliarj^  in  lighting  the  lights  when  the  generator  is  inopera- 
tive. Another  function  of  the  storage  battery  is  that  it  acts  as  a 
ballast  or  regulator  to  keep  the  lights  constant,  absorbing  all  the 
variations  of  generator  output. 

The  lubrication  of  the  generator  is  effected  by  means  of  an 
electrically  controlled  oil  supply  so  adjusted  that  when  the  gen- 
erator is  operative  oil  will  flow  from  the  oil  tank,  but  when  the 
generator  is  inoperative  the  supply  is  cut  off  and  no  waste  takes 
place. 

The  operation  of  this  equipment  is  shown  by  the  accompany- 
ing data  of  a  reported  test  made  in  the  presence  of  Professor 
Slaby.  director  of  the  Berlin  Royal  Technical  College,  and  Pro- 
fessors Hagen  and  Neesen  of  the  German   Patt-nt  Office. 
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The  pre-determined  speed  of  dynamo  wa.s  915.  at  which  it 
should  deliver  20  amperes.  Tt  sliould  be  noted  that  this  was  not 
exceeded. 
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In  regard  to  tlie  jiower  absorbed,  a  test  made  by  Professor 
Capper  of  Kin  {is  College,  London,  is  quoted.  For  ordinary 
coaches  when  running  at  normal  speeds  it  was  found  to  require 
0.()  H.  P.  to  drive  the  generator  while  lighting  the  lights.  For 
speeds  of  the  express  train  the  power  absorbed  does  not  exceed 
1.1  11.  P.  No  data  are  given  in  regard  to  K.  W.  output  of  gen- 
erator nor  exact  values  of  speed. 

Tlie  extensive  use  of  this  equipment  in  England  is  shown  by 
the  fact  that  by  1902  the  London  and  Northwestern  Railway 
had  4.000  carriages  equipped  with  this  system  of  lighting;  also 
the  London,  Brighton  and  South  Coast  Railway  had,  in  1902, 
293  coaches  equipped  with  this  same  system.  At  present,  in 
1906.  the  Great  Central  has  330  coaches  equipped,  according 
to  information  given  to  the  writer  by  Mr.  N.  Clow,  Assistant 
Superintendent  of  the  Line,  Great  Central  Railway,  England. 

Further  in  regard  to  lamp  regulation  this  official  reported 
that  when  properly  regulated,  the  rise  and  fall  of  voltage  is  not 
perceptible.  An  idea  of  voltage  regulation  may  also  be  gained 
from  the  fact  that  he  reports  that  during  a  period  of  four  months 
operation  only  five  lamps  were  burned  out.  This  would  in- 
dicate that  the  lamp  voltage  at  least  did  not  rise  much  above 
normal,  but  is  no  criterion  for  the  lower  limit  which  is  really  the 
important  one. 

In  discussion  of  this  equipment  it  may  be  said  that  it  has 
the  advantage  of  extreme  simplicity  and  cheapness  of  construc- 
tion in  comparison  with  some  of  our  later  American  devices. 
However,  from  a  standpoint  of  reliability  and  regulation,  the 
advantage  would  seem  to  be  with  the  more  modern  American 
devices.  The  test  quoted  is  one  made  in  a  laboratory  under  ideal 
conditions  and  is  not  typical  of  operations  under  varying 
weather  conditions  of  ice  and  snow  and  rain  in  addition  to  the 
collection  of  cinders,  dust  and  stones  from  the  track  at  high 
speeds,  while  the  tests  quoted  later  of  some  of  the  American  de- 
vices were  made  while  in  actual  operation  on  the  trains  under 
unfavorable  weather  conditions. 

Another  English  road  having  4.000  cars  equipped  with  this 
system  reports  that:     "The  light  is  good  and  steady  whether 
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standing  or  running  and  no  difficulty  has  been  experienced  dur- 
ing winter  from  frost  or  snow." 

This  type  of  equipment  has  been  used  more  or  less  extensively 
in  this  country  under  the  name  of  the  Gould  system.  It  was, 
however,  quickly  displaced  by  the  more  modem  equipments  em- 
ploying electrical  means  of  regulation,  which  would  seem  to  indi- 
cate that,  from  the  American  standpoint  at  least,  the  Stone  sys- 
tem is  inferior  to  some  of  the  more  modern  equipments. 

In  regard  to  the  power  absorbed,  attention  must  be  called  to 
the  fact  that  at  normal  speeds  it  requires  0.6  H.  P.  to  light  the 
car,  but  for  express  speeds  it  requires  1.1  H.  P.  to  furnish  lights, 
as  per  test  quoted  above. 

This  would  indicate  a  tremendous  belt  loss  at  the  higher 
speeds  which  is  just  as  would  be  expected.  If  all  the  slip  takes 
place  on  the  armature  pulley,  which  undoubtedly  is  approxi- 
mately true,  the  power  required  to  drive  the  generator  would 
vary  directly  as  the  train  speed,  for.  the  tension  of  the  belt  being 
assumed  constant,  the  power  delivered  by  the  axle  would  be 
directly  proportional  to  the  product  of  this  tension  and  axle 
speed.  This  is  certainly  a  disadvantage  of  the  system  in  that  it 
causes  a  useless  drag  on  the  locomotive  at  high  speeds  and  will 
also  result  in  the  rapid  destruction  of  belts. 
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CHAPTER  II 

DKSCIMPTIOX       ANJ)       DISCUSSION       OF       SEVERAL 

METHODS  OF  LIGIITIXC  RAILWAY  CARS  FROM 

THE  CAR  AXLE 

MosKowiTz  System 

Of  the  earlier  American  devices  for  axle  lighting,  one  of  those 
developed  by  INIorris  IMoskowitz  in  1895,  is  most  worthy  of  note. 
]\Ir.  Moskowitz  has  been  especially  active  in  the  development  of 
axle  devices,  having  developed  numerous  types,  this  one  being 
one  of  his  earliest.  It  consisted  essentially  of  a  generator  with  its 
driving  gear,  two  sets  of  storage  batteries,  a  switchboard  and 
lamp  circuit  in  the  oar  and  an  automatic  switch  to  close  the  gen- 
erator circuit. 

The  generator  was  bi-polar.  45  volts,  with  specially  designed 
armature  winding,  and  having  a  differential  winding  on  the 
fields  so  thiat  it  would  inherently  regulate  for  almost  constant 
output  independent  of  the  speed  of  the  train.  The  generator 
was  driven  from  the  axle  by  means  of  a  countershaft  to  which 
both  generator  and  axle  were  belted,  the  idea  in  this  being  to 
protect  the  dynamo  from  vibrations  of  the  car  axle. 

Another  feature  characteristic  in  this  equipment  was  that  it 
employed  two  storage  batteries,  one  of  which  was  charged  while 
the  other  was  being  discharged  in  lighting  the  lamps.  A  twelve 
point  switch  was  supplied  which  controlled  the  circuits  of  both 
batteries  and  generator  and  was  operated  by  the  trainmen  in 
changing  batteries  when  one  battery  had  become  exhausted. 

The  automatic  switch  was  operated  by  a  small  solenoid  shunted 
directly  across  the  armature  terminals  so  that  it  would  close  the 
generator  circuit  when  it  attained  a  voltage  equal  to  that  of  the 
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batteries,  and  opened  the  same  when  it  fell  below  that  of  the 
batteries. 

Electro-magnets  were  also  employed  to  maintain  proper  polar- 
ity of  the  generator  circuit. 

The  regulation  as  above  mentioned  was  inherent  in  the  gen- 
erator itself,  there  being  no  other  devices  for  regulating  volt- 
age. 

In  discussing  this  equipment  it  must  be  observed  that  it  was 
not  sufficiently  adjustable  for  successful  operation,  the  gen- 
erator having  a  certain  rated  output  irrespective  of  the  light 
consumption.  This  is  sure  to  cause  very  unsatisfactory  operation 
of  the  batteries  in  connection  with  the  equipment.  From  an 
operating  standpoint  the  system  would  give  satisfactory  results 
if  the  generator  was  of  sufficiently  high  output,  in  that  the  lamp 
regulation  would  be  very  good  and  the  equipment  fairly  re- 
liable. However,  continued  experience  has  shown  the  evils  of  a 
non-adjustable  equipment  and  this  apparatus  is  Fcady  to  be 
placed  among  the  historical  relics. 

Axle  Device  of  American  Railway  Electric  Light  Co. 

This  system  was  developed  about  1896  and  put  into  operation 
first  on  a  trial  car  on  the  Pennsylvania  Railway.  It  consisted 
essentially  of  a  generator  under  the  car,  a  regulator  to  operate 
field  resistance,  an  automatic  switch  and  a  storage  battery. 

The  dynamo  was  mounted  inside  the  truck  frame  and  geared 
direct  to  a  large  driving  gear  which  was  bolted  to  a  split  sleeve 
mounted  on  tlie  middle  axle  of  the  six-wheel  trnck.  TIm'  nniia- 
ture  shaft  was  mounted  in  spring  supported  bearings  to  absorb 
shocks,  etc..  and  was  protected  hy  dust-proof  casings. 

The  regulator  was  the  characteristic  part  of  this  equipment 
and  was  based  on  the  principle  of  field  rheostat  control  to  com- 
pensate for  variations  of  the  generator  speed.  This  was  accom- 
plished by  means  of  a  solenoid  of  heavy  wire  in  series  with  the 
generator  circuit,  the  magnetic  flux  in  this  coil  being  directly 
proportional  to  the  generator  current  flowing.  This  coil  would 
actuate  an  iron  plunger,  the  motion  of  which  would  control  the 
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resistance  in  circuit  with  the  field,  thus  raising  or  lowering  the 
voltage  as  was  necessary  to  restore  normal  conditions. 

It  was  said  that  "the  charging  current  is  made  to  correspond 
with  the  number  of  lights  in  use  so  that  there  is  no  danger  of 
short  circuiting  the  batter^'. "  No  explanation  of  this  could  be 
obtained,  but  it  was  presumably  affected  by  a  differential  wind- 
ing on  the  regulator  coil. 

The  automatic  switch  consisted  essentially  of  au  electro-mag- 
net mounted  on  a  movable  arm,  such  that  when  the  generator 
pressure  reached  the  proper  value  the  magnetism  set  up  in  the 
eloctro-maguet,  which  was  connected  directly  across  the  terminals 
of  the  generator,  would  close  the  generator  circuit. 

The  proper  polarity  in  the  generator  circuit  was  maintained 
by  having  two  sets  of  brushes,  one  of  which  was  operative  in 
going  in  one  direction  and  the  other  w^hen  the  direction  of  the 
train  motion  was  reversed. 

This  equipment  apparently  has  the  distinction  of  being  the 
first  to  employ  the  principle  of  field  rheostat  control  of  gen- 
erator voltage,  w  hich  principle  was  later  developed  and  improved 
and  now  forms  the  basis  of  operation  of  numerous  modern  axle 
devices  such  as  that  of  the  Consolidated  Axle  Car  Heating  Com- 
pany, the  Newbold'  Equipment  built  by  the  Adams  &  Westlake 
Co.,  the  McElroy  system,  the  new  Moskowitz  equipment,  the 
Henry  axle  system,  the  Deutsch  system,  in  this  country,  and  the 
Diek  Viearina  and  Auvert  in  Europe. 

McElroy  System 
manufactured  by  the  consolidated  car  heating  co.  of 

ALBAlsTY,  N.  Y. 

This  is  an  equipment  which  has  been  recently  developed  and 
has  not  yet  come  into  prominence,  but  has  some  points  in  its 
construction  which  are  well  worthy  of  consideration. 

The  generator  is  mounted  directly  on  the  trucks  and  is 
driven  by  a  gear  and  pinion  similar  to  those  used  on  the  motors 
of  trolley  cars;  these  being  enclosed  in  a  wrought  iron  gear  case 
which  is  made  dust-proof  with  leather  packing. 
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Within  the  dynamo  compartment  is  a  mechanical  device  that 
determines  the  polarity  of  the  circuit  on  reversal  of  the  direc- 
tion of  motion  of  the  car. 

A  battery  auxiliary  is  supplied  as  in  all  other  axle  devices. 
This  equipment  is  one  of  the  type  that  controls  by  varying  field 
resistance.  The  regulator  is  the  characteristic  part  of  the  equip- 
ment and  consists  essentially  of  a  eompoimd  solenoid  controlling 
a  motor,  which  in  turn  operates  a  field  rheostat. 

The  compound  solenoid  is  a  part  of  the  equipment  that  de- 
serves special  consideration.  It  consists  essentially  of  a  series 
coil  of  heavy  wire  placed  in  the  battery  circuit,  and  in  addi- 
tion to  this  a  shunt  coil  which  is  connected  directly  across  the 
generator  terminals.  Thus  the  control  is  one  combined  for  volt- 
age and  current  regulation  and  appears  at  least  partialh'  to 
eliminate  the  evils  of  the  control  by  constant  current. 

By  a  proper  adjustment  of  the  ratio  of  ampere  turns  of  the 
shimt  coil  to  those  of  the  series  coil,  the  regulator  may  be  made 
to  protect  the  batteries  from  the  destructive  overcharge  which  is 
so  often  experienced  when  a  constant  current  regulator  is  em- 
ployed. 

This,  from  a  battery  standpoint,  is  a  very  commendable  im- 
provement over  the  principle  of  control  by  constant  current  reg- 
ulation and  deserves  special  emphasis. 

In  explanati(m  of  the  operation  of  this  solenoid,  let  us  as- 
sume actual  operating  conditions;  there  being  16  cells  in  the 
storage  ])attery.  the  generator  voltage  then  varies  between  32 
and  42  volts  at  different  points  of  the  battery  charge.  Accord- 
ingly the  magnetic  flux  in  the  solenoid  due  to  the  shunt  coil 
would  vary  proportionally  to  this  pressure.  This  might  be  ex- 
pressed as  a  variation  from  320  to  420  ampere  turns.  Assuming 
that  the  series  coil  had  been  adjusted  so  that  normal  charging 
current  would  develop  110  ampere  turns,  this  making  a  total 
number  of  320  plus  110  equals  430  ampere  turns  in  the  solenoid 
when  charge  wa^  first  commenced.  Now  as  the  batteries  become 
charged  the  voltage  rises  and  the  shunt  coil  ma.gnetisra  is  in- 
creased, thus  requiring  less  magnetic  pull  from  the  series  coil  to 
regulate.  It  should  be  noted  that  the  magnetic  pull  which  bal- 
ances the  pull  of  the  adjustable  regulator  spring  is  the  sum  of 
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tlie  liijiKiietic  pull  due  to  tlie  shuiit  coil  combined  with  that  due 
to  the  batten'  current  flowing  through  the  series  coil,  and  that 
as  the  one  increases  the  other  must  decrease  to  maintain  equilib- 
rium. "When  charged  condition  is  obtained,  the  430  ampere  turns 
total  in  the  solenoid  would  consist  of  420  ampere  turns  due  to  the 
shunt  coil,  and  only  10  ampere  turns  due  to  the  series  coil,  thus 
the  charging  current  has  been  reduced  to  only  9%  of  its  normal 
maximum  value.  It  is  obvious  that  by  a  suitable  proportion  of 
ampere  turns  due  to  the  series  and  shunt  coils  the  battery  over- 
charge may  be  reduced  to  any  desired  value. 

In  regard  to  the  detail  operation  of  the  controlling  apparatus, 
the  compound  solenoid  moves  an  iron  plunger  back  and  forth, 
which  in  turn  makes  contact  through  the  armature  of  a  small 
motor,  causing  it  to  rotate  backward  or  forward,  cutting  in  or 
out  a  field  rheostat  as  may  be  required  to  regulate  the  generator 
voltage.  A  lamp  resistance  is  also  inserted  in  each  lamp  circuit 
by  this  motor  when  the  generator  becomes  operative.  The  motor 
serves  also  to  close  the  generator  circuit  when  the  critical  speed 
is  attained,  thus  an  automatic  switch  is  not  required. 

In  this  regulator  the  motor  runs  only  when  regulation  is 
necessary,  so  that  a  minimum  wear  on  moving  parts  is  obtained. 

In  discussion  of  the  equipment  it  must  be  said  that  it  appears 
to  be  reliable  and  entirely  automatic.  From  a  standpoint  of 
battery  operation  it  is  an  admirable  equipment  and  will  likely 
give  a  much  longer  life  to  the  batteries  than  numerous  other 
axle  devices. 

In  regard  to  lamp  regulation,  however,  the  equipment  is  a 
very  poor  one.  It  is  impossible  to  build  a  magnetic  solenoid  to 
operate  between  an  upper  and  a  lower  limit  without  allowing  a 
probable  error  of  5  or  10  per  cent.  In  a  "current  regulator" 
this  variation  of  current  is  readily  absorbed  by  the  battery  with- 
out causing  an  appreciable  variation  of  lamp  voltage,  but  in  a 
"voltage  regulator"  this  5  or  10  per  cent,  variation  is  received 
entirely  by  the  lamps.  It  is  true,  a  certain  definite  lamp  resist- 
ance is  inserted  each  time  the  generator  becomes  operative, — 
this  to  compensate  for  the  difference  between  voltages  of  battery 
discharge  and  charge,  but  no  definite  lamp  regulation  is  at- 
tempted.    Due  to  the  series  coil  of  the  regulator  being  placed 
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iu  the  battery  circuit,  the  batteries  will  be  charged  entirely  ir- 
respective of  whether  or  not  the  lamps  are  lit,  so  that  though  the 
lamp  resistance  be  in  circuit  the  rise  in  charging  voltage  of  the 
battery  will  cause  a  proportionate  rise  in  voltage  at  the  lamps. 

This  could  be  largely  eliminated  by  a  slight  modification  of  the 
regidator  solenoid,  if  anotlier  series  coil  were  added  to  the 
solenoid  and  this  placed  in  the  lamp  circuit  so  that  when  the 
lamps  arc  turned  on  the  current  through  this  coil  will  create 
a  magnetic  flux  which  will  largely  replace  that  of  the  battery 
charging  current. 

This  would  cause  a  large  decrease  in  the  battery  current  when 
all  the  lamps  are  turned  on,  and  would  accordingly  require 
that  the  charging  be  done  largely  during  the  day.  This  in  many 
cases  would  be  a  serious  disadvantage,  but  when  installed  on  a 
car  making  at  least  a  part  of  its  run  during  the  day,  it  might 
be  made  to  operate  satisfactorily. 

The  United  States  Axle  Equipment 

This  equipment  is  one  recently  invented  by  Mr.  Morris  ]\Ios- 
kowitz,  who  has  for  years  been  associated  with  the  development 
of  various  types  of  axle  lighting  devices,  one  of  which  has  been 
described  on  page  16. 

The  equipment  consists  essentially  of  a  generator,  pole 
changer,  storage  battery  auxiliary,  regulator,  automatic  switch, 
and  lamp  circuits  within  the  ear. 

The  generator  is  of  a  four  pole,  shunt  wound,  type,  encased 
in  a  dust  and  water-proof  steel  casing,  provided  with  proper 
hand  holes  for  inspection.  It  is  driven  by  a  belt  from  a  large 
axle  pulley  and  is  suspended  from  a  shaft  which  is  supported 
by  a  heavy  iron  framework  from  the  forward  truck  sill.  This 
shaft  is  mounted  on  springs  to  relieve  the  generator  of  the 
truck  vibration. 

A  pole  changer  is  fitted  to  the  end  of  the  generator  shaft  to 
provide  proper  polarity  irrespective  of  direction  of  car  motion. 
This  is  effected  by  a  dog  fitted  into  a  transverse  slot  on  the 
armature  shaft  Avhich  throws  a  reversing  switch;  the  range  of 
action  of  this  dog  being  limited  to  90  degrees  by  means  of  a 
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steel  guide.  For  speeds  above  four  miles  per  hour  this  dog  be- 
comes inoperative,  bein<:  dniwii  l);iek  into  the  slot  by  the  cen- 
trifuiral  action  of  a  heavier  portion  of  itself  on  the  opposite  side 
of  the  center  of  rotation,  thus  eliminating  excessive  wear. 

The  regulator  is  a  characteristic  part  of  this  equipment  and 
is  of  the  type  which  maintains  constant  generator  current.     The 


Plate  II.- 


-Regulator  of  the  Axle  Equipmext  of  the  U.  S.  Light  and 
Heat  Co. 


principle  upon  which  it  is  based  is  that  of  a  solenoid  in  series 
with  the  generator  armature  controlling  the  variable  resistance 
of  a  pile  of  carbon  discs  in  multiple  with  the  generator  field,  so 
as  to  decrease  the  generator  field  current  to  compensate  for  rise 
in  train  speed,  and  vice  versa.  The  magnetic  pull  of  the  solenoid 
is  balanced  by  the  adjustable  pull  of  a  spring. 

This  is  a  very  simple  and  apparently  reliable  regulator  in  that 
no  movements  of  the  parts  are  required  except  the  slight  motion 
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of  the  floating  plunger  in  the  solenoid,  necessary  to  produce  the 
proper  pressure  upon  the  pile  of  carbon  discs. 

In  that  the  field  current  is  controlled  by  variable  resistance 
in  multiple  with  it,  there  is  an  external  resistance  added  in  the 
combined  circuit  so  that  the  total  current  through  the  field  and 
carbon  discs  together  is  maintained  practically  constant. 

In  order  to  provide  lamp  regulation,  a  lamp  resistance  is 
inserted  by  the  regulator  when  regulation  first  begins.  This  is 
again  automatically  short  circuited  when  the  generator  is  cut 
out. 

The  automatic  switch  is  similar  in  principle  to  that  described 
on  page  18,  but  is  of  radically  different  construction  in  that 
instead  of  having  four  little  solenoids — two  stationary  and  two 
movable,  it  consists  of  two  large  compound  stationary  solenoids 
of  very  robust  construction,  shown  at  the  top  of  the  accompany- 
ing figure. 

In  discussion  of  this  equipment  it  may  be  said  that  it  has  the 
advantage  of  simplicity  in  providing  proper  regulation  and  wiU 
do  so  quickly  and  accurately.  This  is  a  very  important  feature 
in  such  an  equipment  and  should  be  given  special  emphasis. 

Hut.  on  the  other  hand,  the  equipment  inherently  contains  all 
of  the  imperfections  common  to  constant  current  regulators,  as 
discussed  on  pages  111  to  120. 

This  type  of  lamp  voltage  regulation,  while  it  cares  for  the 
variations  of  battery  voltage  from  the  conditions  of  discharging 
while  train  is  stopped  to  that  necessary  to  produce  a  slight  charg- 
ing current  while  running,  it  does  in  no  way  care  for  the  varia- 
tion of  battery  voltage  due  to  the  condition  of  battery  charge,  as 
considered  more  fully  on  page  125.  nor  is  the  regulation  inde- 
pendent of  the  number  of  lamps  in  use. 

The  generator  is  of  rather  small  construction  in  comparison 
with  generators  used  in  this  work. 

The  pole  changer  may  be  said  to  be  of  excellent  construction 
in  that  it  is  extremely  simple  and  has  no  parts  of  excessive  wear. 

Everett  Regulator 

This  type  of  regulator  was  recently  devised  by  Mr.  S.  W.  Ever- 
ett of  the  Santa  Fe  Railway.     It  was  designed  particularly  for 
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the  purpose  of  obtaining:  more  satisfactory  service  with  an  older 
typo  of  axle  t'(iuipiii<'nl  which  that  railway  has  been  operating 
for  some  time. 

It  consists  essentially  of  two  variable  shunts  placed  in  parallel 

with  :i   fi.'ld  rhrostnl.  Plate  III. 

EVEIREITT     REGULATOR 


FIELP       RESISTANCE 


Generator 


TO     UAMPS 


Plate  III. — Showing  Design  of  Everett  Regulatob. 

These  variable  shunts  consist  of  carbon  buttons,  A^,  Bj,  and 
A2,  Bj,  which  are  operated  directly  by  the  floating  plungers  Cj 
and  C2  in  the  solenoids  S,  and  S,. 
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The  operation  of  the  regulator  is  as  follows :  when  the  car  is 
at  rest  the  contact  buttons  will  be  held  firmly  together  by  the 
springs  T^  and  T^,  these  causing  a  minimum  resistance  in  the 
generator  field  circuit.  When  the  speed  increases  so  that  the  auto- 
matic switch  closes,  the  generator  current  flowing  through  the 
coils  Si  and  83  creates  a  magnetic  pull  on  the  plungers  Ci  and  C2, 
thus  lessening  the  pressure  on  the  carbon  buttons  Aj  Bj  and  A^ 
B2  and  increasing  the  total  resistance  in  the  field  circuit  which 
causes  a  corresponding  decrease  in  the  generator  field  current 
which  is  necessary  to  compensate  for  rise  in  train  speed. 

The  tension  on  the  springs  T^  and  Tg  is  so  adjusted  that  the 
contact  A I  B^  is  first  operated,  then  as  the  train  speed  goes  still 
higher,  that  contact  being  open,  the  control  is  effected  by  the 
varying  resistance  of  the  contact  Ag  B,. 

The  regulator  has  many  of  the  advantages  of  simplicity  found 
in  the  previous  equipment  described,  and  is  reported  to  be  giv- 
ing satisfactory  service  on  the  few  cans  on  wliich  it  is  installed. 

It  has,  however,  all  of  the  inherent  disadvantages  of  the  con- 
stant current  regulator  as  described  moi-e  fully  on  page  111. 

The  Deutsch  System  op  Axle  Lighting 

This  equipment  was  recently  invented  b}'  Mr.  I.  Deutsch.  It 
operates  on  the  principle  of  constant  current  control  by  means 
of  a  large  solenoid  placed  in  the  generator  circuit  which  controls 
the  operation  of  a  field  rheostat  to  compensate  for  variation  in 
train  speed.  In  the  manner  in  which  the  rheostat  is  operated 
this  equipment  is  a  radical  departure  from  the  others  described, 
in  that  it  is  operated  by  the  air  pressure  from  the  brake  pipes 
on  the  train,  the  supply  of  which  to  the  rheostat  operating 
mechanism  is  governed  by  the  controlling  solenoid. 

The  generator  is  located  beneath  the  car  but  is  not  mounted 
directly  on  the  car  truck  as  is  the  common  American  practice, 
it  being  in  this  case  fastened  to  the  under  beams  of  the  car  body. 
The  generator  is  driven  from  the  axle  by  means  of  a  bevel  gear 
transmission,  there  being  a  universal  joint  and  telescopic  shaft 
supplied  to  compensate  for  the  motion  of  the  truck  on  rounding 
curves. 
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'I'Ihtc  is  ap|);irt'iitly  no  .six'cinl  laiiii)  ivgulation  attempted  other 
than  thai  of  i-oiil  i  ulliii'^-  the  liciiri'aloi- current  to  a  constant  value. 

An  autoin.itic  switeh,  so  essential  in  this  type  of  equipment, 
closes  tlie  <renerator  circuit  when  the  proper  voltage  is  attained, 
and  opens  it  again  when  the  train  speed  falls  to  such  a  value 
that  tlic  generator  voltage  falls  slightly  below  that  of  the  battery. 
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CHAPTER  III 

TESTS  OF  VARIOUS  EQUIPMENTS 

Test  of  Curtis  TuRB()-(iKNE:iATOR  Set 

The  test  of  this  equipment  was  made  on  trains  Nos.  1  and  6 
of  the  Chicago.  Burlington  and  Quiucy  Railroad,  running  be- 
tween Chicago  and  Denver ;  the  equipment  consisting  of  a  25  K. 
W.  Curtis  turbo-generator  set  mounted  in  the  front  end  of  the 
baggage  car,  there  being  an  auxiliary  of  two  sets  of  batteries  in 
connection,  one  located  under  the  baggage  car  and  the  other 
beneath  a  Pullman  car  at  the  rear  of  the  train.  The  turbine  re- 
ceives its  steam  from  the  locomotive  through  a  pipe  line  located 
beneath  the  cars  and  a  flexible  hose  connection  between  cars, 
there  being  a  reducing  valve  at  the  locomotive  which  reduces 
the  steam  pressure  from  boiler  pressure  to  80  pounds  per  square 
inch  at  the  turbine. 

The  turbo-generator  set  is  one  manufactured  by  the  General 
Electric  Co.  and  is  of  25  K.  W.  capacity,  type  C-2-25-3600- 
For  -  -T,  an:peres  200.  The  turl)ine  i.s  e<(uii)i)ed  with  a  govenior 
which  automatically  regulates  the  speed  by  opening  or  closing 
poppet-valves  controlling  the  steam  supply.  The  steam  after 
leaving  the  turbine  exhausts  through  a  steam  funnel  into  the 
air  above  the  car,  the  funnel  serving  to  drain  back  the  water  in 
the  steam,  thus  preventing  an  undue  collection  of  ice  on  the  cars 
in  the  winter  time. 

The  switchboard  is  conveniently  mounted  in  the  dynamo  com- 
partm'^nt  and  contains  an  ammeter  and  voltmeter  of  the  Weston 
type,  tv'o  gauges,  one  for  reading  the  pressure  of  the  steam  as 
delivered  to  the  turbine  and  another  of  lower  scale  to  register 
the  pressure  as  dflivci-cd  to  the  train  ]iip(^s  for  heating  the  cai-s. 
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Plate  IV. — Ci  imis  Turbo-Generator  Set,   C.   B.   &  Q.  Ry. 
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The  switcliboai-d  also  t-oiilain.s  an  automatic  eircuit  breaker  de- 
signed to  protect  the  generator  against  both  overload  and  reverse 
current.  The  under  load  (reverse  current)  attachment  is  pro- 
vided so  that  in  case  the  steam  pressure  is  shut  oft'  and  the  gen- 
erator becomes  inoperative,  the  circuit  will  be  automatically 
opened  as  the  speed  decreases,  thus  preventinu-  the  generator 
being  driven  as  a  motor  by  the  batteries. 

The  batteries  consist  of  two  sets,  one  located  on  the  baggage 
car  and  one  on  a  rear  Pullman  car.  They  are  of  the  type  13-E 
made  by  the  Electric  Storage  Battery  Co.  and  are  of  240  ampere- 
hours  capacity,  there  being  54  cells  supplied  to  each  battery. 
These  batteries  are  floated  directly  on  the  line,  thus  adding  to  the 
simplicity  of  the  system  in  that  they  require  no  switches  to  be 
thrown  to  place  them  on  the  line  when  the  turbine  is  cut  off,  but 
the.y  are  always  ready  for  the  service  of  supplying  current  to  the 
lights. 


6 


0        0        0        0 


Plate  V. — Showing  Arrangement  of  thk  Train  Line. 

The  train  line  is  arranged  in  the  manner  known  as  the  return 
loop  or  Wirderman  construction,  and  consists  essentially  of  three 
wires  running  throughout  the  length  of  the  entire  train,  being 
located  in  the  roofs  of  the  cars:  the  positive  wire,  as  illustrated 
in  Plate  V,  runnini:  to  the  rear  of  the  train  from  whence  it 
loops  back  along  the  same  path  to  the  forward  car  of  the  train, 
the  lights  and  batteries  being  connected  between  this  return  loop 
and  the  third  wire  which  is  connected  directly  to  the  negative 
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brush  of  the  anuiituro.  The  object  of  this  construction  is  to  ob- 
tain a  nioiv  uniform  distribution  of  potential  to  the  lamps  along 
the  line. 

There  is  another  feature  in  the  train  line  construction,  which, 
thouirh  coninion  in  train  wiring,  deserves  special  emphasis;  it  is 
that  the  two  feeding  wires  are  crossed  within  each  car  and  also 
between  every  two  cars.  This  is  to  preserve  proper  polarity  to 
each  of  the  wires  within  the  car.  The  necessity  for  this  is  best 
shown  by  a  comparison  of  the  three  figures  of  Plate  VI.     In  Fig. 
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Figure  HI. 

Plate  VI. — Illusteating  the  Cbossing  of  the  Two  P^edinq  Wibes. 

I  is  shown  the  train  line  as  in  operation.  It  is  obvious  that  no 
matter  which  end  of  the  car  (B)  is  forward  the  same  polarity 
of  the  generator  will  be  presented  to  the  batteries  located  on  that 
car.  It  is  also  readily  seen  that,  if  the  train  had  been  wired 
straight  as  per  Fig.  II,  a  battery  being  located  on  the  middle  car, 
and  that  car  were  turned  end  for  end  as  in  Fig.  Ill,  the  positive 
generator  lead  would  be  presented  to  the  negative  terminal  of 
the  batter}^  and  the  negative  terminal  of  the  battery  to  the  pos- 
itive lead  from  the  generator;  thus  causing  a  direct  short  circuit 
of  the  generator  and  battery  through  each  other. 

The  connectors  between  cars  are  of  a  special  type  designed 
for  this  purpose,  consisting  of  male  and  female  parts,  each  of 
which  has  three  insulated  connections  for  accommodating  the 
three  train  wires. 
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Plate  VII. — Dining  Car,  Dknveb  Limited,  C.  B.  &  Q.  Ry. 
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Tliere  is  ;i  hard  rubber  block  between  the  two  positive  leads 
to  insure  ajjainst  putting  in  the  male  connector  upside  down.  A 
thumb  screw  clamps  the  male  solid  after  it  is  inserted  into  the 
feinalo  block  and  insures  good  and  permanent  contact.  The 
leads  between  cars  are  of  heavy  flexible  copper  cables  and  are 
looped  up  and  fastened  to  one  side  of  the  passageway,  so  as  not 
to  interfere  with  the  traveling  public. 

Each  car  is  equipped  with  an  individual  switchboard  con- 
taining switches  for  each  of  the  lighting  circuits,  as  well  as  fuses 
for  the  same,  and  in  cars  containing  batteries  there  are  switches 
for  tlit^  batterv  and  the  train  line. 


r 


To  Calorime+er 


O 


To  Turbine 


.O 


To  Heating  System. 


Plate  VIII. — Showing  Calobimeteb  Top,  Curtis  Tubbine  Test. 


An  electrician  is  placed  in  charge  of  the  equipment  and  is  on 
the  train  throughout  the  whole  trip,  his  duty  being  to  maintain 
the  voltage  constant  and  to  care  for  any  emergencies  in  the  oper- 
ation of  the  equipment  as  well  as  to  maintain  proper  steam  pres- 
sure on  the  train  heating  system. 

Method  op  Test 

Two  distinct  tests  were  made  of  this  equipment : — one  a  road 
test  to  determine  operating  conditions  of  the  equipment  and  the 
other,  a  steam  consumption  test  to  determine  the  amoimt  of  steam 
consumed  from  the  locomotive  boiler  in  the  operation  of  the 
equipment. 
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For  the  road  test  the  turbine  was  equipped  with  a  calibrated 
steam  gauge,  and  a  separating  calorimeter  to  determine  the  pres- 
sure and  quality  of  the  steam.  The  pressure  gauge  was  located  in 
the  pipe  line  about  a  foot  from  the  turbine  steam  chest.  The  sep- 
arating calorimeter  tap  was  located  in  a  "T"  pipe  connector, 
illustrated  in  Plate  VIII,  at  the  point  where  the  steam  is  Hi"st 
carried  into  the  engine  room  by  the  pipe  line  from  the  locomotive 
boiler,  and  before  it  has  passed  through  the  separator,  so  no  con- 
sideration was  made  of  the  separator  water,  this  being  all  in- 
cluded in  the  moisture  of  the  steam  as  indicated  by  the  calori- 
meter. 

In  order  to  determine  the  electrical  operation  of  the  equipment, 
a  calibrated  anuiieter  was  placed  in  the  generator  circuit  and  a 
calibrated  voltmeter  was  connected  across  the  terminals  of  the 
generator.  The  speed  of  the  generator  was  determined  by  means 
of  a  stop  watch  and  speed  indicator.  Readings  were  taken  at 
15  minute  intervals  throughout  the  whole  time  of  generator  oper. 
ation.  When  the  lights  were  on  the  batteries,  readings  of  voltage 
and  current  at  each  battery  were  taken,  also  the  total  time  of 
operation  of  the  same. 

In  addition  to  the  above  data  the  pressure  of  oil  on  the  bear- 
ings was  noted  occasionally,  the  gauge  already  installed  on  the 
turbine  being  used  for  taking  such  readings. 

Yard  Test  for  Stka.ai  Consumption 

After  equipping  one  of  the  turbine  sets  for  a  test  in  the  yards 
at  Chicago  it  was  found  that  not  sufficient  cooling  water  could 
be  obtained  to  condense  the  .steam  used.  Accordingly  it  was  de- 
termined to  make  this  test  at  the  steam  laboratory  of  the  Univer- 
sity of  Wisconsin  where  there  has  this  year  been  installed  a 
turbo-generator  set  identical  with  the  one  tested  on  trains  Nos. 
1  and  6.  In  making  this  test  the  turbine  was  operated  under  the 
same  voltage  as  is  usual  on  trains  Xos.  1  and  6. 

A  surface  steam  condenser  of  the  Blake  type  of  a  capacity  of 
2,000  pounds  of  steam  per  hour  was  connected  up  to  the  ex- 
haust pipe  and  used  to  condense  the  steam  used  in  driving  the 
turbine.  This  condensed  steam  was  nm  into  tubs  where  it  was 
3  1831 
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woiprhod  on  standard  Fairbank's  platform  scales  at  intervals  of 
exactly  live  minutes  each,  so  that  the  steam  used  for  each  five 
minutes  mig:ht  be  determined. 

The  load  was  applied  to  the  generator  by  means  of  a  water 
Ixtx.  and  voltage  and  current  were  measured  by  calibrated  Wes- 
ton instruments. 

Till'  pressure  and  quality  of  the  steam  were  determined  by  a 
pressure  gauge  tapped  in  very  near  the  turbine  and  by  means 
of  a  throttling  calorimeter  tapped  into  a  vertical  section  of  the 
pipe  at  the  turbine.  The  back  pressure  was  read  on  a  manometer 
tube  tapped  into  the  exhaust  pipe.  The  speed  was  determined  by 
means  of  a  stop  watch  and  speed  indicator.  Data  were  taken 
of  each  of  the  above  at  the  various  loads  of  Vt-  V2^  '^4-  fi-^1^;  and 
114  ^oad  for  the  several  steam  pressures  of  60,  70,  80  and  90 
pounds  per  square  inch,  respectively;  readings  being  taken  for 
periods  of  30  minutes  each,  keeping  the  steam  pressure  and  load 
constant. 

Discussion  of  Results 

Referring  to  the  curves  on  Plate  iX,  the  most  striking  result 
of  the  test  on  the  road  is  the  fact  that  the  generator  load  is 
never  above  17  K.  W.  and  the  average  load  is  less  than  11  K.  W., 
while  the  generator. set  is  of  25  K.  W.  capacity.  There  are,  how- 
ever, several  reasons  for  the  selection  of  this  equipment  of  large 
capacity,  in  regard  to  which  it  may  be  said  by  way  of  introduc- 
tion that  the  efficiency  of  operation  is  not  merely  the  relation  of 
out-put  to  in-put,  but  in  service  on  the  railroad  a  number  of  other 
considerations  enter  in  to  make  efficiency  or  cost  of  operation  of 
secondary-  importance.  For  instance,  it  is  necessary  that  the  rail- 
road be  prepared  to  handle  very  heavy  traffic  at  certain  rush 
seasons,  in  many  cases  doubling  the  size  of  its  passenger  trains, 
thus  requiring  a  proportionally  heav;^'  lighting  capacity,  which, 
though  lasting  for  a  few  days  only,  must  still  be  taken  into  con- 
sideration in  determining  the  capacity  of  equipment. 

Still  another  condition  which  warrants  the  use  of  a  set  of  such 
large  capacity  is  the  low  steam  pressures,  say  60  pounds  per 
square  inch,  which  often  occur,  the  turbine  then  being  able  to 
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di'livrr  only  i  j  or  'Yi  of  its  iionnal  full  load.  Under  such  con- 
ditions a  25  K.  W.  set  will  still  carry  the  load^of  lights  in  a 
train,  but  a  15  or  '20  K.  AV.  set  would  not  be  able  to  carry  the 
load  of  iitrhts.  Another  fact  which  deserves  attention  is  that  the 
gross  steam  consumption  over  the  whole  trip  does  not  vary  as 
much  as  might  be  expected,  from  full  load  to  the  lighter  loads, 
as  shown  by  a  consideration  of  the  curve  of  steam  consumption, 
plotted  in  poimds  of  steam  consmned  per  hour,  Plate  IX,  the 
maximimi  variation  of  gross  steam  consumption,  being  from 
1.460  poimds  per  hour  at  17  K.  W.,  to  550  poimds  at  2.5  K.  W. 

It  is  readily  seen  from  a  comparison  of  curves  of  load  and  of 
steam  consumption  per  K.  W.  hour  that  the  steam  consumption 
per  K.  W.  hour  varies  inversely  as  the  load ;  this  tending  to  make 
the  total  steam  consumed  more  nearly  constant  at  the  various 
loads. 

Discussion  of  Steam  Consumption  Test 

Referring  to  the  curves  of  Plate  X,  the  results  of  the  steam 
consumption  test  show  some  remarkable  features.  In  the  first 
place  it  was  found  that  the  steam  consumption  curves  for  all  the 
pressures  employed  were  almost  identical,  that  is,  that  for  varia- 
tions of  steam  pressure  between  60  and  90  pounds  per  square 
inch  the  steam  consumption  is  independent  of  the  steam  pressure. 
This  is  indicated  by  the  fact  that  all  the  points  determined  lie  on 
the  same  curve.  The  only  explanation  for  this  peculiar  result 
that  can  be  offered  is  that  a  throttling  action  may  take  place 
in  the  governor,  which  tends  to  maintain  the  pressure  on  the  noz- 
zles more  or  less  constant,  irrespective  of  the  pressure  in  the 
steam  pipe. 

The  steam  consumption  is  higher  than  is  to  be  expected  from  a 
reciprocating  engine  of  a  similar  capacity,  but  an  explanation  of 
that  fact  is  not  within  the  limits  of  this  investigation. 

This  matter  of  high  steam  consumption  was  taken  up  with  the 
General  Electric  Co.  A  representative  was  sent  to  Madison  to 
inspect  the  turbine  which  had  been  tested,  and  he  replaced  the 
steam  nozzles  with  some  of  a  newer  type,  and  a  following  test 
was  made. 
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Readings  woivtaki'ii  at  tive  minute  intervals  during  a  run  of 
oue-hair  hour.  The  turbine  had  been  in  operation  before  the  test 
started  so  that  all  parts  wore  thoroughly  warmed.  The  results 
were  as  follows : 

Average  volts    125.4 

Amperes    200.0 

Speed  R.  P.  M 3403. 

Steam  pressure,  pounds  per  square  inch  .         80. 

Quality  of  steam,  per  cent 98.3 

Total  steam  consumed,  pounds 846.5 

Average  load,  K.  W 25.08 

Total  wet  steam  consumed  per  hour,  lbs.  1693. 
Total  dry  steam  consumed  per  hour,  lbs  1662. 
Total  dry  steam  consumed  per  K.  W. 

hour,  lbs 65.4 

Total  dry  steam  consumed  per  E.  H.  P. 
hour,  lbs 49.5 

This  shows  a  considerable  improvement  in  the  steam  con- 
sumption over  the  conditions  found  in  the  first  test,  (about  8 
per  cent,  at  full  load)  and  so  due  reference  is  made  to  it  here, 
showing  the  possibility  of  the  turbine  with  the  improved  noz- 
zles. Accordingly,  the  nozzles  on  the  turbines  in  the  Burlington 
Railroad  equipments  have  been  replaced  by  the  newer  ones  since 
our  tests  were  made. 

According  to  our  records.  19.356  poimds  of  steam  were  used 
in  lighting  the  train  from  Chicago  to  Denver,  which  is  approxi- 
mately three  per  cent,  of  the  total  water  supplied  to  the  locomo- 
tive boiler  as  indicated  from  the  number  of  tank  fillings.^ 

Westinghouse  Engine  Generator  Set. 

On  North   Coast  Limited,  Northern  Pacific  Railway,  St. 
Paul  to  Portland,  Oregon,  December  23  to  31,  1905 

The  oqnipmont  consists  essentially  of  a  Westinghouse  Stand- 
ard engine  located  in  the  forward  end  of  the  express  car  which 


•  The  complete  data  of  this  test  can  be  found  in  the  graduating  thesis  of  A.  U. 
Hoefer  and  Edgar  Kearney,  University  of  Wisconsin,  1906. 
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drives  a  generator  in  direct  connection,  receiving  its  steam  from 
the  locomotive  through  a  pipe  line  and  flexible  hose  connec- 
tions, there  being  an  automatic  pressure  reducer  on.  the  locomo- 
tive which  is  supposed  to  maintain  a  pressure  of  80  pounds 
at  the  generator  set. 

An  auxiliary  storage  battery  is  supplied  to  each  car  except 
the  mail  and  express  cars.  These  batteries  were  not  floated  on  the 
line  continually  as  was  found  in  the  equipment  on  the  Denvei 
Limited  in  the  test  previously  described  but  were  wired  so  that 
they  could  only  be  thrown  on  one  circuit  of  lights,  and  were  not 
in  connection  with  the  train  line  except  when  they  were  thrown 
on  to  light  the  lights  or  when  they  were  charged  at  night. 

The  batteries  received  a  charge  each  night  when  most  of  the 
lights  throughout  the  train  had  been  turned  off,  by  raising  the 
generator  voltage  to  115  volts  and  maintaining  it  constant  at 
that  value  for  several  hours.  This  provided  2.3  volts  per  cell 
which  will  if  continued  long  enough  very  likely  fully  charge  the 
batteries. 

The  batteries  are  also  fully  charged  to  130  volts  once  a  week 
when  the  train  is  being  cleaned  in  St.  Paul,  the  current  being 
kept  constant  at  50  amperes. 

The  train  line  was  of  the  three  wire  return  loop  system  de- 
scribed on  page  29  of  the  previous  test  and  will  not  be  consid- 
ered further  here.  An  electrician  who  remains  on  the  train 
over  the  whole  round  trip,  is  placed  in  charge  of  the  equipment. 

Method  op  Test 

The  method  of  testing  was  very  similar  to  that  of  the  previous 
test.  A  road  test  was  made  to  determine  the  operating  condi- 
tions, and  this  was  supplemented  by  a  steam  consumption  test 
in  the  yards  under  the  conditions  of  operation  experienced  on 
the  road. 

In  the  road  test,  readings  were  taken  at  fifteen  minute  in- 
tervals of  generator  speed,  voltage  and  current,  steam  pres- 
sure, steam  quality,  separator  water  and  indicator  cards. 

The  first  five  mentioned  were  all  taken  by  means  of  calibrated 
instruments  from  the  labor ator>^  of  the  University  of  Wiscon- 
sin. 
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Sopanitor  wjitcM-  was  tapped  olf  from  the  "Cochrane"  sep- 
arator .siii)i)li('(l  ponnaiiently  to  the  engine,  and  weighed  on  a 
spring  bahuK't'.  The  engine  was  indicated  by  means  of  a  special 
link  iiurliaiiisni  t-cmsi.sting  of  a  pair  of  cranks,  connecting  rod, 
and  piston  rod  sets  in  the  exact  relation  as  existed  between  those 
inside  the  engine.  Tliis  mechanism  was  then  bolted  to  the  end 
of  the  shaft  so  tliat  the  small  piston  rods  would  reproduce  the 
motion  of  the  engine  piston  rods  within  the  engine.  The  indi- 
cators were  i)hiced  on  top  of  the  cylinder  heads  in  place  of  the 
poppet  relief  valves  and  the  indicator  motion  was  transmitted 
from  the  link  mechanism  by  cords.  A  heavy  spring  was  added 
to  the  indicator  cord  so  as  to  keep  it  very  tight,  to  care  for  the 
vibration  due  to  the  high  speed  of  400  R.  P.  M. 

The  yard  test  consisted  in  making  a  measurement  of  the 
steam  consumption  under  conditions  as  they  were  found  on  the 
road  test.  The  steam  from  the  engine  exhaust  was  rim  into  a 
surface  condenser  and  collected  in  tubs  and  weighed  on  plat- 
form scales.  Each  test  consisted  of  a  run  of  twenty  minutes 
duration,  during  which  time  the  load  and  steam  pressure  were 
kept  constant,  these  tests  being  made  for  loads  of  V^.  Vo.  %.  and 
full  load  and  for  the  different  steam  pressures  of  42,  50  and 
85  pounds  per  square  inch,  respectively. 

The  road  test  was  made  in  duplicate  by  two  different  parties 
on  two  different  trains,  while  the  steam  consumption  test  was 
made  for  only  one  equipment. 

The  plotted  curves  of  the  road  test  which  are  here  exhibited 
are  for  one  night's  operation  on  one  equipment  only,  this  set 
being  selected  as  typical. 

Car  No.  241 


Nitrht. 

K.  W. 

hrs.. 
load. 

Total 
wt.  of 
steam. 

Separa- 
tor 
water. 

Av.  lbs. 

stm.  per 

hour. 

No.  hrs. 
run. 

Av. 
load  in 
K.  W. 

Av. 

steam. 

lbs., 

K.  W.  hr. 

1  West 

149.85 

lfil.5 

144.1 

lii6..S 

1.54.1 

159 

15.930 
15.750 
15,740 
15.860 
11.480 
15,030 

720 
420 
400 
717 
a35 
947 

980 

900 

1  000 

16.2 
17.5 

1?^  -7 

9  22 
9.24 
9.16 
9.25 
9.7     • 
10.6 

106  4 

2  West 

97  5 

3  West 

109  '' 

t  East 

1  005    r        1^  i' 

101  0 

2  East... 

730 
.     1,002 

15.7 
15.0 

75  4 

3  East 

94  7 

Total 

925.05 

89.790 

3.aS9 

936 

96.0 

9.65 

97.3 
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Car  No.  2:^7 


A  y. 

slcam. 

His.. 

K.W.hr. 


1  Wpst 

2  West 

3  West 

1  East 

2  East 

3  East 
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K.  W. 
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Av.  Ills. 

Av. 
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toi- 

stm.  uer 

run. 

load  ill 

load. 

steam. 

water. 

hour. 

K.  W. 

100." 

10.530 

580 

660 

Hi 

(i  87 

121.4 

13.750 

592 

8t>0 

16 

7.50 

I       120.4 

15.810 

t;23 

HX)3 

15.75 

7.ti5 

145.2 

lli.3(K) 

!>34 

1.0(t2 

lti.25 

8.S»5 

1U).4 

13.775 

liGl) 

050 

14.5 

8.24 

114.2 

15.4(30 

731 

1.030 

15 

O.lW 

730.3 

85.ti25 

4. 132 

;>iti 

03.5 

8.17 

•.HI 
113 
131.2 
112.2 
115.4 
107.3 
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Discussion  of  Results 

Attention  should  first  be  called  to  the  results  of  the  yard  test 
shown  in  Plate  XII.  It  is  seen  that  tlic  steam  ('onsuinptiou  for  42 
poundii  steam  pressure  is  much  higher  than  it  is  for  8'S  pounds 
pressure  at  the  same  load.  This  is  due  to  the  fact  that  the  gov- 
ernor on  the  engine  is  one  for  constant  speed  and  in  its  efforts 
to  maintain  this  constant  speed  at  th(^  low  pressure  it  increases 
the  admission.  Some  cards  taken  at  low  pressure  showed  ad- 
mission of  steam  to  the  cylinders  for  more  than  three-quarters 
of  the  stroke. 

The  steam  consumption  at  the  higher  steam  pressures  is  rea- 
sonable and  about  what  might  be  expected  from  the  type  of  en- 
gine. 

Referring  to  the  road  test  curves  on  Plate  XI,  attention  should 
be  called  to  the  high  peak  in  the  steam  consumption  curve  at 
6:00  P.  I\I.  This  is  due  to  the  fact  that  the  load  was  great  and 
at  the  same  time  the  steam  pressure  was  very  low,  as  is  shown  by 
the  corresponding  curves. 

There  is  an  interesting  note  in  connection  with  this  fact. 
The  locomotive  engineman  in  his  efforts  to  relieve  his  own  engine, 
throttles  the  steam  connection  to  the  generator  set.  but  in  fact 
ill  doing  so  he  only  increases  the  drain  he  intended  to  lessen. 
If  he  had  given  the  generator  full  pressure  instead  of  tiirottling 
it  lower,  he  would  have  really  lessened  the  steam  consumption 
and  at  the  same  time  afforded  better  operation  of  the  lighting 
equipment.  It  should  also  be  noted  that  the  steam  consumption 
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does  not   follow   lln-  lu.ul   curve  directly,   but  tends  to  remain 
more  constant. 

Both  the  engine  speed  and  generator  voltage  are  affected  by 
variations  in  steam  pressure  and  are  seen  to  follow  the  steam 
pressure  curve  almost  directly,  especially  where  low  steam  pres- 
sure occurred.  The  generator  output  is  often  affected  as  shown 
by  the  curve  at  6  :00  P.  M.  This  fact  is  one  of  the  main  causes 
of  failure  of  this  equipment  in  that  the  engineer  throttles  the 
steam  supply  and  causes  the  generator  to  fail  in  maintaining 
proper  lighting  of  the  train  and  at  the  same  time  really  in- 
creases the  drain  on  the  locomotive.  This  point  cannot  be  given 
too  much  emphasis,  as  it  is  due  to  a  wrong  conception  on  the 
part  of  the  enginemen  and  should  be  corrected. 

It  is  seen  by  reference  to  the  test  on  the  Pioneer  Limited,  C, 
]\r.  &  St.  P.  Railway,  that  a  very  similar  condition  exists  there. 

In  regard  to  the  method  of  charging  batteries  on  the  road  by 
raising  the  voltage  to  2.3  volts  per  cell,  it  must  be  said  that  this 
seems  to  be  about  the  best  way  to  keep  them  up  during  the  trip, 
though  it  is  very  destructive  of  the  lamps  lit  at  that  time,  the 
high  V'Oltage  causing  them  to  be  strained,  which  spoils  them  for 
operation  at  the  normal  voltage. 

The  method  might  be  adopted  of  charging  in  the  daytime, 
but  that  would  involve  an  extra  run  and  additional  drain  on 
the  locomotive  and  would  be  liable  to  cause  trouble  with  the 
enginemen. 

The  charge  every  week  at  St.  Paul,  in  which  the  batteries 
are  fully  charged,  is  sufficient  to  keep  the  batteries  from  becom- 
ing permanently  sulphated. 

In  regard  to  the  steam  connections,  it  must  be  said  that  con- 
siderable trouble  was  experienced.  The  flexible  connection  be- 
tween the  cars  consisted  of  a  combination  of  the  ]\Iorau  metallic 
coupling  and  the  Martin  flexible  joint.  We  found  the  greatest 
trouble  in  the  Martin  joints.  When  the  Moran  coupler  was 
properly  locked  it  gave  little  or  no  trouble.  The  Martin  joint 
is  in  the  form  of  a  ball  and  socket  joint,  made  up  of  a  bell 
shaped  piece,  which  is  inserted  in  a  Vulcabeston  packing  ring. 
and  is  free  to  move  more  or  less  in  all  directions. 
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There  were  eight  of  these  connections  between  the  dynamo 
and  hH'oniotive  wliicli  were  in  constant  need  of  atlciilioii.- 

Test  of  Westinghouse  Engine  Equipment 
Pioneer  Limited,  C,  M.  &  St.  P.  Ry. 

The  equipment  under  consideration  is  very  similar  to  that  of 
the  two  tests  on  the  Northern  Pacific  and  the  Chicago  &  North- 
western railways,  consisting  of  a  high  speed  Westinghouse  En- 
gine Generator  Set  mounted  in  the  forward  end  of  the  baggage 
car  and  supplied  with  steam  from  the  locomotive  at  80  pounds 
pressure  per  square  inch. 

The  C,  M.  &  St.  P.  Railway  was  the  first  to  adopt  tliis  lui-tliod 
of  train  lighting.  One  of  the  cai'lier  e(iuii)ments  consisted  »»f  a 
separate  car  known  as  the  '"Light  and  Ib'at  Tender."  which  in 
the  winter  months  supplied  both  light  and  heat  for  the  train,  luit 
was  in  the  summer  months  replaced  by  an  ordinary  baggage 
car  equipped  with  a  generator  set.  This  gave  satisfactory  re- 
sults but  was  ultimately  abandoned  (in  that  it  required  an 
extra  car  and  attendant)  and  the  duties  of  supplying  light  and 
heat  were  placed  upon  the  locomotive,  resulting  in  the  present 
equipment. 

The  equipment  tested  consisted  of  a  25  K.  W.  generator  set 
placed  crosswise  of  the  end  of  the  car  to  reduce  the  train  vibra- 
tion causctl  by  the  si^l.  Tliis  is  at  tiiiu's  very  objectionable  and 
can  be  felt  often  times  throughout  the  entire  lengtli  of  the 
train,  hence  this  location  of  the  generator  set  is  made  to  min- 
imize this.  The  shafts  of  the  baggage  cai-  generating  sets  of 
the  Northern  Pacific  and  Chicago  &  Northwestern  roads,  are 
placed  longitudinall}'  within  the  car.  A  storage  battery  is  sup- 
plied as  an  auxiliary  to  maintain  the  lights  when  the  locomotive 
is  disconnected  at  engine  changes. 

The  method  of  train  wiring  is  similar  to  that  of  the  Denver 
Limited  described  on  page  'M)  and  will  not  be  considered  further. 

The  equipment  is  placed  in  care  of  the  baggageman  wlio  looks 


-For   tho   complete   data    of   tliis   test   refer   to   the   f;ra<liiatin?  thesis   n(    W .   A. 
Bertke  and  I.  L.  Kevnolds.  rniversity  of  Wisconsin.   lOOii. 
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after  tlie  gt'iierator  st^,  etc.,  in  the  baggage  car,  but  the  care 
of  tlie  train  line  is  phieed  in  the  hands  of  the  brakemen  on  ac- 
count of  the  other  duties  of  the  baggageman  making  it  impos- 
sible for  him  to  leave  his  car. 

Method  of  Test 

In  making  the  test  of  the  equipment  two  round  trips  were 
made  with  the  equfpment  betAveen  Chicago  and  St.  Paul  to  de- 
termine the  operating  conditions  on  the  road.  This  test  was  sup- 
plemented by  a  steam  consumption  test  in  the  yards  at  Chi- 
cago, under  conditions  similar  to  those  found  in  operation  on 
the  road. 

In  the  road  test,  additional  data  were  taken  in  connection  with 
the  heating  of  the  train,  but  this  is  not  within  the  limits  of  this 
thesis  so  will  not  be  considered  here. 

In  connection  with  the  operation  of  the  lighting  equipment, 
however,  data  were  taken  of  the  following :— generator  load 
voltage  and  speed,  snd  engine  steam  pressure,  quality  of  steam 
and  quantity  of  separator  water.  The  engine  also  was  indi- 
cated in  the  following  manner: 

The  safety  plugs  were  removed  and  a  stuffing  box  inserted 
through  which  a  rod  was  passed  and  bolted  to  the  piston  head, 
thus  trausfei-ring  the  motion  of  the  piston  head  to  the  indicator 
motion  which  consisted  of  an  ordinary  link  mechanism.  Spe- 
cial holes  were  drilled  in  the  cylinder  heads  to  accommodate  the 
indicators. 

In  the  steam  consumption  test  the  steam  consumed  was  de- 
termined by  operating  the  set  at  constant  load  and  constant 
steam  pressure  over  a  period  of  15  minutes,  readings  being  taken 
at  five  ri:inute  intervals  of  the  steam  used,  steam  quality  and 
pressure,  generator  speed,  voltage  and  current.  The  steam  was 
condensed  in  a  surface  condenser  and  weighed  in  tubs  on  plat- 
form scales.  Indicator  cards  were  also  taken  at  five  minute  in- 
tervals. 

The  ]  rs\^]t^  of  the  steam  consu^iiption  test  are  given  on  Plate 
XIV. 
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Results  of  Test 

UH  (rip.     Chicago  to  St.  Paul,  Feb.  14,  1906: 

Average  steam  pressure 92       lbs.  per  sq.  in. 

Average  load  of  lamps    8.7  K.  AV. 

Average  steam  consumption   690       lbs.  per  hr. 

2nd  Irip.     St.  Panl  to  Chicago,  Feb.  15,  1906 : 

Average  steam  pressure   ' 108       lbs.  per  sq.  in. 

Average  load  of  lamps 8 . 9  K.  W. 

Average  steam  consumption    580       lbs.  per  hr. 

3rd  trip.     Chicago  to  St.  Paul.  Feb.  16.  1906 : 

Average  steam  pressure    75.7  lbs.  per  sq.  in. 

Average  load  of  lamps 9.8  K.  W. 

Average  steam   consumption    780       lbs.  per  hr. 

4th   trip.     St.  Paul  to  Chicago,  Feb.  17.  1906: 

Average  steam  pressure    90       lbs.  per  sq.  in. 

Average  load  of  lamps 9.5  K.  W. 

Average  steam   consumption    770       lbs.  per  hr. 

Discussion  of  Results. 

In  discussion  of  the  results  of  this  test  it  must  be  said  that  the 
operation  is  very  similar  to  that  experienced  with  the  other 
similar  equipments  as  discussed  on  page  41.  except  for  the  fact 
that  this  one  shows  somewhat  more  economical  operation  as  seen 
by  the  comparison  on   Plate  XLVI. 

The  high  steam  pressure  of  115  pounds  in  the  latter  part  of  the 
trip  should  be  noted,  on  Plate  XIII.  The  generator  voltage  at  the 
start  of  the  trip  was  maintained  high  at  a  value  of  125  volts, 
very  like\v  to  produce  a  good  showing  while  standing  in  the 
depot  before  leaving.  This  during  the  night  was  allowed  to  fall 
off  to  104  volts  minimum. 

The  steam  consumption  curve  is  seen  to  follow  the  load  curve 
very  closely,  it  being  howevcn-.  higher  at  low  loads  than  would 
be  expected,  due  to  the  curve  upward  of  the  steam  consumption 
per  kilowatt-hour  for  low  loads,  as  shown  by  the  curve  on 
Plate  XIV. 
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The  relation  between  the  curves  of  I.  H.  P.  and  E.  H.  P., 
Piatt'  Xill.  sliows  the  iiicchanioal  and  electrical  efficiency  of  the 
set.  In  re«iar(l  Id  tlir  u(  iicral  ojx'ration  of  the  equipment  it  must 
be  said  that  at  times  the  baggageman  is  too  busy  with  his  other 
duties  to  give  the  equipment  proper  attention,  but  in  general  the 
operation  may  be  said  to  be  satisfactory,  the  actual  failure  of 
lights  being  very  infrequent,  and  at  that  time  is  generally  due 
to  the  fact  that  the  locomotive  cannot  provide  enough  steam.* 


Test  on  Westinghouse  Engine  Generator  Set 

NORTHWTESTERN  LIMITED,  C.  &  N.  W.  Ry. 

This  equipment  is  almost  identical  with  those  tested  on  the  C, 
M.  &  St.  P.  Railway  and  Northern  Pacific  Railway,  except  that 
it  has  an  auxiliary  of  Pintsch  gas  instead  of  storage  batteries; 
and  as  there  is  only  one  engine  change  where  this  is  required, 
this  occurring  in  the  middle  of  the  night,  the  operation  is  sat- 
isfactory. 

The  equipment  consists  of  a  Standard  Westinghouse  engine, 
direct  connected  to  a  17  K.  W.  generator  operating  at  400  R.  P. 
M.  and  110  volts. 

The  train  equipment  consists  of  the  following: 
Djmamo  and  Express  Car,  having. .     8-12  c.  p.  lamps 

Baggage  Car,  having  8-12  c.  p.  lamps 

Compartment  Sleeper,  having   ....   80-  8  c.  p.  lamps 

Standard  Sleeper,  having 80-  8  c.  p.  lamps 

Standard  Sleeper,  having   47-16  c.  p.  lamps 

Dining  Car,  having 60-  8  c.  p.  lamps 

Chair  Car,  having 36-12  c.  p.  lamps 

Day  Coach,  having  22-16  c.  p.  lamps 


Method  op  Test 

The  test  on  the  road  consisted  in  taking  readings  of  current 
and  voltage  and  steam  pressure  at  fifteen  minute  intervals  and 


'  For  the  complote  data  of  this  test  refer  to  the  graduating  thesis  of  J.  I.  Bush 
and  H.  L.  Heller,  University  of  Wisconsin,  1906. 
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indicator  cards  and  speed  readings  every  ten  minutes.  The  en- 
gine was  indicated  by  a  special  link  mechanism  fastened  to 
the  end  of  the  shaft  very  similar  to  that  used  on  the  Northern 
Pacific  test. 

A  steam  consumption  test  was  made  in  the  yards  at  Chicago  in 
which  the  steam  consumption  was  measured,  keeping  the  steam 
pressure  constant  at  90  pounds  per  square  inch  and  varying 
the  load.  Steam  was  condensed  in  a  surface  condenser  and  col- 
lected in  tubs  and  weighed  on  platform  scales.  Each  reading 
extend  over  a  period  of  twenty  minutes. 

RESULT   OF   TEST 

Trip  from  Chicago  to  St.  Paul — Car  No.  1108 

Total  duration  of  test . .     5%  hours 

Average   load    8 . 2  K.  W. 

Average  steam  pressure 86    lbs.  per  sq.  in. 

Average  steam   consumed    870     lbs.  per  hour 

Average  steam  per  K.  W.  hour 106     lbs.  per  K.  W.  hour 

Total  steam  consumed  on  test 5000    lbs. 

DISCUSSION  OP  RESULTS 

By  reference  to  Plates  XV  and  XVI  the  complete  results  of  the 
test  are  graphically  observed.  It  is  noted  from  Plate  XV  that 
the  steam  pressure,  speed  and  generator  voltage  are  practically 
constant,  and  that  the  load  decreases  during  the  night  from  122 
amperes  at  8:15  to  30  amperes  at  2:15,  when  the  lights  were 
cut  off." 

Test  on  Consolidated  Axle  Equipment 

Northern  Pacipic  Railway 

The  axle  driven  equipment  of  the  Consolidated,  Kennedy 
type,  consists  essentially  of  a  generator,  pole  changer,  battery, 
regulator,  automatic  switch,  and  wiring  and  switches  within  the 
car. 


*  For  complPto  data  of  this  test  refer  to  the  ^actuating  thesis  of  C.  S.  Peters, 
University  of  Wisconsin,  1904. 
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The  generator  is  of  bipolar,  simple  shunt-wound  type  and  is 
provided  with  self-oiling  bearings.  It  is  encased  in  a  dust-proof 
wrought  iron  casing  which  is  provided  with  suitable  covers  and 
hand  holes  for  repairs  and  inspection,  and  is  suspended  by  irons 
bolted  to  the  outer  face  of  the  forward  truck  sill  (see  Plate  XVII) 
and  pivoted  on  a  rocker  roller,  a  heavy  adjustable  spring,  A, 
maintaining  proper  belt  tension.  The  generator  is  belted  to  a 
large  axle  pullej^  (20^  inches  in  diameter)  bolted  to  the  axle. 
These  pulleys  are  perforated  to  allow  the  sand  and  cindere  to 
fall  away  from  the  belt  surface.  The  generator  field  pieces 
are  supplied  with  a  few  sheets  of  hard  steel  to  insure  proper 
polarity  in  the  fields. 


Pl.\te  XVin. — Gknkkator  of  Consolidated  Axle  Equipment. 

The  pole  changer  is  that  part  of  the  appartus  which  main- 
tains proper  polarity  in  the  circuit  irrespective  of  the  direction 
of  motion  of  the  car.  This  consists  of  a  worm  fitted  on  the  arma- 
ture shaft  engaging  with  a  woim-wheel  on  which  is  mounted 
a  cam  of  peculiar  construction,  such  that  if  the  car  motion  be 
forward  the  earn   follower   will   nm   continually  in  the  slot  A, 
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but  ii"  the  direction  ui"  niotiou  be  reversed  the  follower  will  be 
forced  throu^'h  the  diagonal  slot  C  into  the  slot  B,  where  it 
will  remain  as  long  as  the  direction  of  car  motion  is  the  same. 

As  the  cam  follower  is  forced  from  slot  A  to  slot  B  it  causes 
a  reversing  switch  at  D  to  be  thrown,  thus  maintaining  proper 
polarity  in  the  external  circuit.  This  is  obviously  essential  to 
the  operation  of  the  equipment,  for  if  the  generator  were  thrown 
on  the  line  with  wrong  polarity  it  would  cause  an  immediate 
short  circuit  of  both  generator  and  battery. 

The  battery  comprises  16  cells  each  of  240  ampere  hour  ca- 
pacity of  the  type  13-E  of  the  Electric  Storage  Battery  Co.,  and 
is  located  under  the  car.  The  battery  is  connected  in  parallel 
with  the  generator  and  line,  serving  to  act  as  an  auxiliary  in 
maintaining  the  lights  lit  while  the  generator  is  inoperative. 
The  subject  of  batteries  as  applied  to  train  lighting  is  discussed 
in  a  separate  chapter  in  this  report,  so  the  subject  will  not  be 
considered  further   at  this  point. 

KENNEDY  REGULATOR 

The  regulator  is  an  important  part  of  this  equipment  from 
a  technical  point  of  view.  It  is  shown  on  Plates  XIX  and  XX 
and  the  details  of  the  wiring  on  Plate  XXI. 

The  principle  on  which  the  regulator  is  based  is  that  of 
generator  control  by  variable  field  resistance  and  lamp  volt- 
age control  by  means  of  a  variable  resistance  in  the  lamp  cir- 
cuit. 

The  generator  control  is  effected  by  means  of  the  pair  of 
solenoids  A,  A,  B,  B.  (Plate  XX)  in  which  there  is  a  floating 
plunger  which  operates  the  pair  of  cam  followers  C  on  opposite 
sides  of  the  cam  E.^ 

"When  regulation  is  necessary,  one  of  the  followers  C  is 
drawn  up  against  cam  E  and  this  cam  being  driven  by  a  motor 
with  worm-wheel  connection  to  the  shaft  G,  drives  the  follower 
and  caiLses  it  to  turn  one  of  the  pair  of  rachet  wheels  R,  Plate 
XIX,  operating  the  field  resistance  inside  of  H. 


=  A  similar  cam  and  pair  of  followors  are  located  under  tlio  coils  A,   A  as  is 
shown  under  coils  D,  D. 
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The  controlling  solenoid  includes  a  double  set  of  windings, 
those  A,  A,  in  the  main  generator  circuit  and  those  B,  B,  placed 
in  the  lamp  circuit,  being  connected  so  that  the  magnetism  of 
coils  B,  B,  is  iu  opposition  to  that  of  coils  A,  A.  This  allows 
the  generator  current  to  be  increased  when  the  lights  are  turned 
on,  thus  permitting  the  batteries  to  Idc  charged  somewhat  at 
night  and  still  not  have  the  day  charging  rate  be  excessively 
high. 

The  lamp  voltage  control  is  effected  by  means  of  the  pair  of 
solenoids  D,  D,  Plate  XX,  which  are  wound  with  fine  wire 
and  placed  across  the  terminals  of  the  lamp  circuit.  The  mechan- 
ical operations  are  identical  with  those  of  the  generator  cur- 
rent controlling  devices,  the  floating  plunger  governing  the 
operation  of  the  large  rheostat,  J,  which  contains  the  lamp  cir- 
cuit rheostat.  This  regulator  has  the  distinction  of  being  the 
only  one  in  which  the  lamp  regulation  is  entirely  independent 
of  the  condition  of  the  batteries  as  well  as  the  number  of  lamps 
in  use;  but  it  is  dependent  upon  the  operation  of  several  mov- 
ing parts  as  well  as  the  proper  adjustment  of  the  spring,  S,  for 
its  successful  operation. 

The  automatic  switch  is  that  part  of  the  equipment  which 
connects  the  generator  with  the  lights  and  battery  when  its 
voltage  has  risen  so  that  it  is  slightly  above  the  battery  voltage. 
It  is  shown  in  Plate  XIX.  The  coils  N,  N  are  mounted  on  a 
movable  arm  pivoted  at  T  on  which  is  supported  the  lower  con- 
tact point  of  the  switch,  L.  These  coils  N,  N  are  wound  with 
fine  wire  and  placed  across  the  terminals  of  the  generator  so 
that  when  the  generator  voltage  rises  to  slightly  above  that  of 
the  battery  the  magnetism  developed  in  these  coils  will  draw  up 
the  movable  arm  and  close  the  contact  at  L.  The  coils  K,  K 
are  wound  with  coarse  wire  and  are  placed  in  the  main  circuit 
of  the  generator  so  that  as  soon  as  the  switch  is  closed  at  L  the 
current  flowing  through  these  coils  will  immediately  intensify 
the  magnetism  of  the  coils  N  and  insure  good  contact  at  the 
switch. 

These  series  coils  have  also  a  fimction  in  opening  the  auto- 
matic switch  at  the  proper  time.  As  the  generator  voltage  falls 
on  decrease  of  train  speed,  till  its  voltage  is  below  that  of  the 
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battery,  a  reverse  current  will  flow  through  the  coils  K,  K, 
creating  a  magnetic  flux  in  opposition  to  that  of  the  coils  N,  N, 
so  that  the  opening  of  switch  will  be  actually  accelerated  by  the 
repulsion  of  the  coils. 

METHOD  OF  TESTING 

The  problem  of  testing  such  an  apparatus  in  actual  operation 
on  a  railway  train  is  a  peculiarly  difficult  one.  In  the  first  place 
everything  in  the  system  is  in  continual  fluctuation,  the  speed 
of  a  railway  train  is  well  known  to  be  an  extremely  variable 
factor,  and  it  may  be  said  that  everything  in  the  system  fluctu- 
ates with  train  speed,  though  in  justice  to  the  manufacturers 
of  the  equipment  it  must  be  said  that  the  limits  of  fluctuation 
of  generator  pressure  and  current  for  change  in  speed  are  small. 
In  addition  to  this  the  generator  is  alternately  thrown  off  and 
on  to  the  circuit  at  every  stop  and  start,  the  lights  being  fed  at 
one  minute  from  the  generator  and  another  from  the  battery, 
so  that  the  equipment  presents  a  rather  chaotic  condition  to  one 
endeavoring  to  obtain  a  comprehensive  set  of  results. 

It  was  decided  to  take  two  different  kinds  of  data,  one  of 
which  might  be  called  Detail  Data,  which  consider  the  detail 
operation  of  the  equipment  and  include  those  data  which  Avhen 
plotted  in  curves  show  the  relation  between  train  speed,  gen- 
erator voltage,  lamp  voltage,  battery  voltage,  field  voltage,  gen- 
erator current,  lamp  current,  battery  current  and  field  current; 
and  tlie  other  of  which  consists  of  Wattmeter  Data,  including 
the  total  generator  output,  total  consumption  of  energy  by  the 
lamps,  total  energy  of  battery  charge  and  total  energy  of  bat- 
tery discharge,  over  the  entire  trip. 

In  order  to  facilitate  taking  the  data  a  switchboard  was  con- 
strufti'tl  as  shown  in  Plate  XXI,  which  made  it  possible  to  take 
the  whole  set  of  readings  within  the  time  of  ten  seconds.  This 
switchboard  contained  all  the  numerous  switches  and  instru- 
ments used  in  making  the  test  as  shown  by  Plate  XXI,  and  was 
placed  in  a  double  seat  at  that  end  of  the  ear  in  which  the  reg- 
ulator was  located. 

In  wiring  to  the  regulator,  heavy  insulated  copper  cables  were 
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usihI  convspondinu;  to  a  No.  0,  B.  &  S.  gauge,  so  that  the  loss 
ill  test  coimt'ctioiis  would  be  a  minimum;  these  wires  being 
passed  undi'i-  tlif  seat  and  through  a  thin  partition  to  the  reg- 
ulator closet. 

Tlif  ifst  CI. mil  (lions  arc  shown  in  IMate  XXI.  The  lower  half 
of  the  plate  indicates  the  wiring  connections  of  the  axle  equip- 
ment, while  the  upper  half  shows  the  test  instruments  and  their 
connections,  the  dotted  lines  indicating  the  connections  between 
the  instruments  and  the  a:xle  equipment.  The  heavy  dotted  lines 
indicate  No.  0,  B.  &  S.  gauge,  while  the  fine  dotted  lines  indicate 
voltage  leads. 

The  reasons  for  taking  the  wattmeter  data  are  obvious.  The 
relation  between  the  readings  of  the  battery^  charge  and  dis- 
charge meters  is  of  vital  importance  to  the  life  of  the  battery, 
and  the  relation  between  the  readings  of  the  lamp  and  gen- 
erator meters  shows  the  total  operating  efficiency  of  the  equip- 
ment. The  meters  employed  were  of  the  common  integrating 
type,  calibrated  to  the  low  voltage  of  this  equipment. 

The  separation  of  the  energy  of  battery  charge  from  the 
energy  of  discharge  presented  a  complex  problem,  as  the  cur- 
rent flows  into  the  battery  while  the  train  is  running  and  out 
of  the  battery  while  the  train  is  stopped  and  lights  are  on. 
To  separate  these  two  values  of  energy,  a  polarized  relay  was 
constructed  as  illustrated  in  Plate  XXII,  to  control  the  circuit 
relations  of  two  wattmeters,  one  of  which  recorded  the  energy  of 
battery  charging  and  the  other  recorded  the  energy  of  dis- 
charging. 

This  polarized  relay  consists  essentially  of  a  heavy  yoke  of 
soft  iron.  A,  see  Plate  XXII,  wound  with  about  40  turns  of  No.  4 
insulated  copper  wire  through  which  the  total  battery  current 
passes,  thus  creating  one  polarity  while  the  battery  is  charging 
and  the  reverse  polarity  while  the  battery  is  discharging. 

Suspended  between  the  pole  pieces  of  this  yoke  is  one  end  of 
an  electro-magnet,  B,  of  constant  polarity.  It  consists  of  a 
small  strip  of  soft  iron  wound  with  400  turns  of  No.  20  in- 
sulated copper  wire.  This  coil  is  placed  in  series  with  two 
lamps  directly  across  the  battery,  so  that  a  constant  magnetic 
flux  is  obtained. 
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Plate  XXIL— Polaeized  Relay. 
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Filtt'd  on  ('it her  sido  of  this  swinging  bar  of  iron  is  an  insu- 
lated Itra.ss  liiitton.  (".  When  llic  battery  current  flows  in,  say, 
a  charging  direction,  the  reaction  ])etween  the  magnetism  of  the 
yoke  and  that  of  the  swinging  magnet  draws  the  latter  over  till 
the  brass  button.  C,  makes  contact  between  the  two  adjustable 
points  DD,  thus  completing  the  circuit  through  the  voltage 
coil  of  the  wattmeter  registering  battery  charge.  The  current 
coils  of  both  wattmetere  are  placed  in  series  with  the  heavy 
coil  of  the  relay  so  that  all  battery  current  nuist  pass  through 
all  three  coils. 

On  reversal  of  the  battery  current,  the  polarity  of  the  heavy 
yoke  becomes  reversed  and  the  swinging  magnet  is  drawn  over  to 
the  other  pole  of  the  yoke,  where  the  brass  button  on  the  other 
side  of  the  swinging  bar  makes  contact  between  the  two  con- 
tact points  DD  there  located,  thus  completing  the  circuit 
through  the  voltage  coil  of  the  discharge  wattmeter  and  causing 
it  to  record,  the  other  wattmeter  now  being  inoperative. 

There  are  two  pilot  lights  in  the  switchboard  equipment,  (see 
Plate  XXI).  which  indicate  when  the  corresponding  wattmeter 
is  operative,  thus  indicating  whether  or  not  the  relay  is  working 
properly. 

The  other  variable  factor  which  it  was  necessary  to  deter- 
mine was  the  total  time  of  generator  operation.  A  clock  was 
fitted  up  on  the  principle  of  a  stop  watch  operated  by  an  elec- 
tro-magnet in  the  generator  circuit,  as  illustrated  in  Plate  XXI. 
Obviously  when  the  generator  current  flows  through  the  sole- 
noid, the  keeper  will  be  drawn  down,  thus  stopping  the  clock, 
and  when  the  generator  is  cut  out  of  the  circuit,  the  keeper 
will  be  pulled  up  b}^  a  spring  and  start  the  clock  again,  thus 
the  clock  records  the  time  the  generator  is  inoperative. 

The  train  speed  was  determined  by  counting  the  rail  clicks, 
since  in  case  of  a  30  foot  rail  the  number  of  clicks  in  20J/2 
seconds  gives  directly  the  speed  of  the  train  in  miles  per  hour. 
In  case  of  33  foot  rails  the  clicks  were  counted  for  223/2  sec- 
onds, time  being  taken  with  a  stop  watch.  This  was  foimd  to 
be  a  very  simple  and  sufficiently  accurate  method  of  taking 
speed  readings. 

Generator  E/jficiency..     On  arriving  at  St.  Paul,  a  stray  power 
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test  of  the  generator  was  made  by  the  rated  motor  method.  The 
belt  was  removed  from  the  generator  and  the  generator  was 
driven  at  various  speeds  with  no  load  on  the  armature,  by  means 
of  a  small  motor  the  losses  of  which  had  been  previously  meas- 
ured. The  input  of  the  motor  was  then  measured  while  driving 
the  unloaded  generator  at  various  speeds  and  various  excitations, 
from  which  the  power  necessary  to  supply  these  generator 
losses  can  be  computed. 

Knowing  the  stray  power  losses  "and  armature  resistance  of 
the  generator,  the  power  absorbed  from  the  driving  belt  or 
gearing  by  the  generator  while  delivering  any  load  to  the  light- 
ing equipment  can  be  computed;  from  which  efficiency  curves 
follow : 

IMPORTANT   RESULTS   OF    TEST 

Total  Time  of  Test 31  Hrs. 

Generator   Operating    23  y2  Hrs. 

Generator  Not  Operating 7  i/o  Hrs. 

Lamps  Lighted 13  1/2  Hrs. 

Total  Generator  Output 28.6  K.  W.  Hrs. 

Total  Lamp  Consumption 14.6  K.  W.  Hrs. 

Total  Battery  Charge 12.2  K.  W.  lira. 

Total  Battery  Discharge 4.7  K.  W.  Hrs. 

Average  Generator  Efficiency 80  % 

Average  Belt  Efficiency  (assumed)   97  % 

Average  Power  absorbed  from  axle 2.08  H.  P. 

Total  Efficiency  for  the  Run  — 

Lamp  Cons,  x  Gen.  Eff.  x  Belt  Eff. 
Gen.  Output 

DISCUSSION  OF  TEST 

It  was  originally  planned  to  make  this  test  extend  over  the 
complete  round  trip  of  the  car  from  St.  Paul  to  Portland,  Ore., 
and  return,  but  the  pole  changer  on  the  generator  which  was 
used,  failed  to  work  properly  in  the  early  part  of  the  trip  and 
was  not  repaired  till  the  second  day  of  the  return  trip,  from 
which  time  the  test  was  started. 

5  [651 


66 


BULLETIN    OF    THE   UNIVERSITY    OF   WISCONSIN 


CURVES 
•SH  OWING         DETAIL          OPERATION      OF 
CONSOLIDATED   AXLE     EQUIPMENT 
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Plate   XXIII. — Curves    Showing   Detail    Operation   of    Consolidated 
Axle  Equipment,  Nor.  Pac.  Ry. 
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It  is  not  within  the  limits  of  this  work  to  present  in  detail 
all  the  great  mass  of  data  taken  in  this  test  and  accordingly  only 
such  data  have  been  selected  as  are  needed  to  typically  illustrate 
the  operation  of  this  equipment,  and  these  are  plotted  in  the  ac- 
companying curves  on  Plates  XXVIII  and  XXIV. 

deferring  to  the  tables  of  results  on  page  65.  special  attention 
should  bo  called  to  llie  fact  tluit  the  batteries  are  exees-iively  over- 
charged, the  ratio  being  4.7  K.  W.  Hr.  discharge  and  12.2  K.  W. 
Hr.  charge  during  ISi/o  hrs.  of  night  run  and  IT'-  hrs.  of  day 
run.  This  might  be  remedied  by  changing  the  regulator  setting  so 
as  to  reduce  the  generator  current  by  about  five  amperes,  which 
would  have  given  about  9.4  K.  W.  Hr.  charge  with  the  4.7  K.  W, 
Hr.  discharge.  This  amount  of  charging  would  doubtless  be 
ample  to  care  for  battery  efficiency  and  also  to  make  recovery 
from  any  heavy  discharges  due  to  delays  of  the  train. 

This  setting  of  the  regulator  would  give  a  generator  output  of 
39  amperes  when  all  lights  are  on  instead  of  the  44  amperes  of 
the  test.     (See  Plate  XXIII.) 

The  excessive  overcharge  of  the  batteries  is  shown  plainly  by 
the  voltage  readings  of  the  battery  taken  throughout  the  day, 
plotted  on  Plate  XXIV.  It  is  seen  that  by  12:30  i>.  m.  the  voltage 
had  risen  to  its  maximum  of  about  42  volts  indicating  charged 
condition  of  the  battery  and  it  remained  at  that  value  through- 
out all  the  rest  of  the  charging  period,  which  continues  all  after- 
noon and  till  the  lights  are  turned  on  at  6 :30  p.  m. 

Such  excessive  overcharging  causes  rapid  destruction  of  the 
battery  plates  and  should  be  prevented. 

Referring  to  the  curves  on  Plate  XXIII  it  is  to  be  noted: 

1.  During  night  operation  the  generator  charges  the  batteries 
with  about  8  amperes  as  well  as  lighting  the  lights. 

2.  Field  current  varies  inversely  with  the  train  speed. 

3.  Lamp  regulation  is  fair,  holding  the  lamp  voltage  between 
29  to  33  volts  but  not  so  good  as  was  expected  from  the  special 
lamp  regulator  installed  on  this  equipment. 

4.  Generator  current  regulation  is  fairly  constant  for  wide 
variations  of  train  speed. 

Referring  to  the  day  operation  in  the  second  and  third  col- 
umns of  this  same  plate,  it  is  noted: 
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1.  Generator  current  has  dropped  to  33  amperes  but  stays 
practically  constant  at  that  point  for  both  a.  m,  and  p.  m. 

2.  Generator  voltage  rises  directly  with  the  battery  voltage, 
proving  the  point  that  the  equipment  regulates  for  constant  cur- 
rent output  irrespective  of  the  voltage  required. 

A  voltmeter  test  of  the  regulation  afforded  by  this  equipment 
was  made  on  a  later  run,  after  the  regulator  had  been  carefully 
adjusted  but  the  variation  of  voltage  remained  about  10  per 
cent.^ 

Test  of  Consolidated  Axle  Equipment 

Observation  Car  ''Dynamene," 

C,  B.  &  Q.  Ry. 

This  equipment  is  one  made  by  the  Consolidated  Company 
at  an  earlier  date,  and  the  Kennedy  regulator  as  described  on 
page  56  was  developed  as  an  improvement  over  this  type. 

This  equipment  has  substantially  the  same  principles  of  con- 
trol as  the  Kennedy  regulator  previously  described,  except  in 
regard  to  regulation  of  lamp  voltage. 

It  consists  essentially  of  a  generator,  pole  changer,  automatic 
switch,  regulator,  storage  battery  auxiliary,  and  lamps  and 
switches  within  the  car. 

The  generator  and  pole  changer  are  identical  with  those  de- 
scribed on  page  55  and  will  not  be  considered  further  at  this 
point. 

The  regulator  consists  essentially  of  a  large  controlling  sole- 
noid A  (See  Plate  XXVI),  an  automatic  switch  C  operated  by 
the  electro-magnets  B  and  D,  an  operating  motor  E,  a  field  rheo- 
stat the  contact  points  of  which  are  showp  at  R,  and  a  lamp 
circuit  rheostat  at  M. 

As  the  train  speed  reaches  the  value  at  which  the  generator 
voltage  is  equal  to  that  of  the  battery,  the  magnetism  created 


•  For  complete  data  of  this  test  refer  to  the  graduating  thesis  of  O.  B.  Cade  and 
A.  J.  Walsh,  University  of  Wisconsin,  1906. 
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in  the  two  shunt  coils  D,  which  are  mounted  on  a  movable  arm, 
will  be  such  as  to  draw  themselves  up  to  the  magnet  coils  B,  thus 
closing  the  switch  C  connecting  the  generator  in  parallel  with 
the  battery  and  lights. 

As  the  generator  speed  becomes  higher,  its  voltage  tends  to 
rise  above  that  of  the  batteries  and  the  generator  assumes  its 
load.  The  generator  current  flowing  through  the  large  solenoid 
A  then  affects  an  iron  plunger  J  in  direct  proportion  to  current 
flowing,  this  magnetic  pull  being  counterbalanced  by  an  ad- 
justable spring  K,  the  adjustment  of  which  determines  the  value 
of  the  normal  generator  current. 

The  motion  of  this  magnetically  controlled  plunger  is  trans- 
ferred by  the  lever  arms  0  to  the  control  of  two  little  ratchet 
dogs  P  which  are  being  moved  back  and  forth  continually  by 
an  eccentric  on  the  motor  worm-wheel  F.  These  little 
ratchet  dogs  engage  with  two  ratchet  wheels,  one  of  which  is 
right  handed  and  the  other  of  which  is  left  handed,  sho\\Ti  at 
0  in  Plate  XXVI,  these  wheels  being  mounted  rigidly  on  thi'  ad- 
justable field  rheostat  arm  K.  When  regulation  of  the  voltage  is 
necessary,  one  of  the  ratchet  dogs  P  is  allowed  to  engage  with  its 
corresponding  ratchet  wheel  G  and  cause  it  to  be  rotated,  moving 
the  field  rheostat  arm  R  to  such  a  point  as  to  produce  the  de- 
sired voltage.  It  is  obvious  that  only  one  of  these  motor  driven 
dogs  is  allowed  to  engage  with  its  corresponding  wheel  at  one 
time. 

A  rheostat  at  M  is  inserted  in  the  lamp  circuit  when  the  gen- 
erator becomes  operative,  to  compensate  for  the  difference  be- 
tween battery  charging  voltage  and  battery  discharging  volt- 
age, thus  maintaining  a  reasonably  constant  voltage  on  the 
lamps.  This  is  effected  by  the  rheostat  arm  and  resistence  con- 
tact points  at  M  being  operated  by  a  cam  and  follower  mounted 
on  the  ratchet  wheel  G  of  such  construction  that  it  causes  the 
resistance  to  be  all  inserted  at  the  first  quarter  turn  of  the 
ratchet  wheel. 

In  regard  to  the  operation  of  the  automatic  switch  (B,  C.  D), 
after  the  magnetism  of  the  generator  shunt  coils  becomes  of  suf- 
ficient intensity  in  the  coils  DD.  they  draw  tlicmselves  up  to  the 
coils  BB,  thereby  closing  the  generator  switch   C.     The  coils 
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BB  are  wound  with  heavy  wire  and  all  the  generator  current 
passes  through  them  so  that  on  closing  the  generator  switch  G 
the  generator  current  flowing  through  them  will  intensify  the 
magnetism  of  coils  DD.  and  insure  good  contact  at  C. 

The  hatterij  consists  of  a  set  of  16-240  ampere  hour  cells  of 
the  type  13-E,  made  by  the  Electric  Storage  Battery  Co.,  which 
are  located  beneath  the  car  as  illustrated  in  Plate  XXV.  The  jars 
used  are  of  reinforced  hard  rubber  and  are  set  in  wooden  trays, 
two  jars  in  a  tray. 

METHOD   OF   TEST 

The  method  of  making  the  test  was  almost  identical  with  that 
used  in  the  previous  tests  and  described  on  page  60.  Several 
changes,  however,  were  necessary  in  making  test  connections,  (as 
shown  by  Plate  XXVI). 

The  car  upon  which  the  equipment  was  operating  was  a  Pull- 
man sleeper  and  observation  car,  so  there  was  no  accommodating 
space  in  which  to  lay  any  bulky  switchboard  as  in  previous 
tests.  The  four  wattmeters  (shown  in  Plate  XXVI)  were  placed 
on  the  platform  over  the  steps  in  the  vestibule,  and  the  remainder 
of  the  test  apparatus  was  located  within  the  regulator  locker. 

The  generator  was  identical  with  that  tested  on  the  Northern 
Pacific  Ry.  so  a  duplicate  efficiency  test  was  not  made,  but  ref- 
erence can  be  made  to  the  curve  on  Plate  XXIV  in  connection 
with  this  test.  The  efficiency  itself  is  slightly  different  due  to  the 
difference  in  output. 

IMPORTANT   RESULTS  OF  TEST 

Farnsivorth  Consolidated  Axle  Equipment  on  Observation  Car 
Dynamene — Chicago  to  Kansas  City. 

Total  time  of  trip    14  hrs.  10  niin. 

Total  time  Generator  operating   11  hrs.  35  min. 

Total  time  Generator  not  operating 2  hrs.  35  min. 

Total   time    Stops    1  hrs.  22  min. 

Total  time   Generator  running  dead 1  hrs.  13  min. 

Total  time  Lights  on  Batteries 2  hrs.  35  min. 
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TotiU  Geuerator  Output  19 . 6     K.  W.  Hr. 

Total  Lamp  Consumption   8.38  K.  W.  Hr. 

Total   Battery  Charge    7.9     K.  W.  Hr. 

Total  Battery  Discharge 1.86  K.  W.  Hr. 

Kansas  City  to  Chicago. 

Total  time  of  trip    13  hrs.  42  inin. 

Total  time  Generator  operating   10  hrs.  55  niin. 

Total  time  Generator  not  operating    2  hrs.  47  min. 

Total  time  of  stops 1  hrs.  24  min. 

Total  time  Generator  running  dead 1  hrs.  23  min. 

Total  time  Lights  on   Batteries 2  hrs.  47  min. 

Total  Generator  Output   19 . 2     K.  W.  Hr. 

Total  Lamp   Consumption    7 .  28  K.  W.  Hr. 

Total  Battery  Charge   7 .  03  K.  W.  Hr. 

Total  Battery  Discharge 1 .  87  K.  W.  Hr. 

Above  readings  are  corrected  for  loss  in  test  connections. 
Average  Generator  Eff.  =  80%. 

Total  Efficiency  of  Equipment — Kansas  City  to  Chicago  = 
Lamp  Cons,  x  Gen.  Eff.  x  Belt  Eff. 
Gen.  Output 
The  average  batters'  discharge  equals  1.86  K.  W.  Hr. 
In  order  to  compensate  for  battery  efficiency  of  50%,  there 
should  have  been  3.7  K.  W.  Hr.  charge.     Instead  of  this  it  is 
seen  that  there  was  about  7.5  K.  W.  Hr,  (av.  of  two  trips).  This 
leaves  3.8  K.  W.   Hr.  of  destructive  overcharge  which  might 
be  eliminated. 

3.8  K.  W.  Hr.  at  40  volts  =  95.  amp.  hrs. 
Since  the  generator  was  operating  for  about  11  hrs.  this  would 
represent  an  excess  of  8.6  amperes  in  the  regulator  setting,  and 
the  generator  might  be  set  at  about  33 >4  amperes  with  all  lamps 
on  instead  of  42  amperes  as  at  time  of  test. 

DISCUSSION  OF  RESULTS 

The  most  striking  of  the  results  observed,  and  one  which  is 
of  critical  importance  to  the  life  of  the  equipment,  is  that  the 

[74] 


WBAY — METHODS   OF   RAILWAY    LIGHTING  75 

batteries  are  tremendously  overcharged  on  both  out^'oing  and 
return  trips,  as  is  shown  by  a  comparison  of  the  values  of  en- 
ergies of  battery  charge  and  battery  discharge  as  shown  on  page 
74.  The  cause  of  this  is  prinuirily  due  to  the  fact  that  the  reg- 
ulator was  set  too  high,  a  fact  which  seems  to  be  universally 
true  in  all  constant  current  regulation.  This  is  necessaiy  to  a 
certain  degree  to  be  on  the  "safe  side"  in  maintaining  the 
lights,  but  an  extreme  overcharge  such  as  is  here  experienced 
should  not  be  allowed  as  it  is  sure  to  cause  the  early  destruc- 
tion of  the  battery. 

The  results  of  this  test  again  illustrate  that  objectionable  part 
of  axle  operation  which  is  inherent  in  the  arrangements  atford- 
ing  constant  current  regulation.  It  is  noted  from  the  descrip- 
tion on  page  71  that  the  iron  plunger  J  which  controls  the  oper- 
ation of  the  field  rheostat  is  held  in  equilibrium  between  the 
magnetic  pull  of  the  solenoid  and  the  tension  in  the  spring  K, 
Now  the  magnetic  pull  of  the  coil  A  is  proportional  to  the  cur- 
rent flowing  through  that  coil  and  is  no  function  of  the  generator 
voltage  so  that  the  regulation  will  be  such  as  will  maintain 
constant  current  output  of  the  generator  irrespective  of  its  volt- 
age. This  is  a  great  disadvantage  from  a  battery  standpoint,  in 
that  after  the  batteries  have  become  fully  charged  they  still 
continue  to  be  overcharged  at  the  normal  rate  so  long  as  the 
generator  is  operating. 

Attention  should  be  called  to  the  fact  that  the  total  trip  effi- 
ciency of  the  outfit  is  only  29.5%.  Tliis  is  due  largely  to  the 
fact  that  the  batteries  are  greatly  overcharged,  thus  wasting  a 
large  amount  of  power,  and  it  is  also  due  to  a  large  line  loss, 
which  is  shown  by  the  generator  output  being  considerably 
higher  than  the  sum  of  the  lamp  consumption  -{-  battery  charge — 
battery  discharge.  This  indicates  a  very  high  line  loss  and  is 
su])st;!iiti;ited  by  a  reference  to  Plate  XXVIl  which  shows  an  av- 
erage line  loss  of  about  13%.  The  values  given  under  wattmeter 
readings  on  page  74  have  been  duly  corrected  for  the  instru- 
mental errors,  so  that  the  readings  are  true  values.  It  should 
be  noted  that  the  voltage  connections  of  the  wattmeters  were  pro- 
vided by  special  leads  from  the  generator,  line,  and  battery  so 
that  the  readings  are  not  vitiated  by  the  line  loss. 
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In  discussion  of  the  detail  curves  of  operation,  Plate  XXVII, 
there  are  many  important  features  to  be  noted  which  are  typical 
in  the  operation  of  this  equipment. 

It  should  be  first  noted  that  these  curves  are  in  four  different 
sets:  one  under  full  load  condition  of  lighting,  another  with 
only  half  the  lights  on,  a  third  with  only  one-fourth  the  lights 
burning  and  the  fourth  set  of  curves  indicating  the  detail 
operation  while  charging  batteries  with  no  lights  on. 

The  uppermost  curve  shows  that  the  generator  current  re- 
mained practically  constant  at  all  times  whether  all  lights  are  on, 
one-fourth  lights  on,  or  no  lights  ou.  This  substantiates  the 
statement  that  the  regulator  is  one  for  constant  current  irre- 
spective of  the  generator  voltage. 

Another  point  of  particular  interest  in  the  curves  is  the  vari- 
ation in  lamp  voltage  as  the  line  current  decreases  and  the  bat- 
teries become  charged.  It  is  also  noted  that  the  lamp  voltage 
varies  directly  with  and  is  almost  equal  to  the  battery  charging 
voltage,  thus  indicating  the  undesirability  of  this  method  of  in- 
serting the  rheostat. 

Another  point  of  technical  interest  is  shown  by  the  two  lower 
curves,  in  the  inverse  variation  of  field  current  and  train  speed, 
an  increase  in  train  speed  being  always  accompanied  by  a  de- 
crease in  field  current  and  vice  versa.'' 

Test  op  New^bold  Axle  Equipment 

Northern  Pacific  Ry. 

description  of  apparatus 

The  axle  driven  equipment  of  the  Newbold  type  is  based  on 
essentially  the  same  principles  as  certain  earlier  devices,  the 
difference  in  design  being  of  a  mechanical  nature  largely.  It  is 
of  the  class  that  controls  by  varying  field  resistance. 

The  essential  parts  are,  a  generator  belted  to  a  large  axle 
pulley,  a  storage  battery  to  assume  the  load  of  lighting  while 
the  generator  is  inoperative,  an  automatic  switch  to  close  the 


'  For  the   complete  data  of  this  test   refer   to   the  graduating  thesis   of   .V.   U. 
Hoefer  and  Edgar  Kcainey,  University  of  Wisconsin,  1906. 
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generator  circuit  when  the  critical  speed  is  reached,  a  regulator 
to  maintain  the  generator  voltage  constant  by  adjusting  a  suit- 
able field  rheostat,  and  a  pole  changer  to  provide  proper  polar- 
ity of  the  generator  to  the  batteries  independent  of  the  direc- 
tion of  rotation  of  the  generator. 

The  generator  is  of  a  60  volt,  40  amp.,  4  pole,  direct  current 
type.  It  is  suspended  from  the  outside  of  the  front  end  of  the 
truck  sill,  as  \K'V  Plate  XXVIII,  and  is  pivoted  on  a  rocker  roller 
that  is  set  on  the  supportiiiii'  frame  parallel  to  thi'  ear  axle,  thas 
allowing  the  adjustable  spring  A  to  maintain  the  proper  belt  ten- 
sion. The  belt  is  a  4  ply  canvass  rubber  belt  4"  wide  and  passes 
over  and  under  the  truck  sill  as  shown. 

Oil  rings  and  a  quantity  of  oil  sufficient  for  several  months 
lubrication  are  supplied. 

The  generator  is  encased  in  a  dust  proof  casing  which  is  sup- 
plied with  a  single  large  hand  hole  which  gives  access  to  the 
brushes  for  repairs  and  inspection.  This  is  provided  with  a 
felt  lined  cover  which  renders  it  dust  proof.  The  case  is  built 
so  that  the  end  ma}'"  be  easily  removed  and  the  armature  be 
readily  taken  out.  The  generator  having  four  poles,  the  cur- 
rent is  taken  from  the  tw^o  adjacent  brushes  on  the  forward 
side  of  the  commutator,  thus  making  the  brushes  more  access- 
ible. 

The  pole  changer  is  that  part  of  the  mechanism  which  pro- 
vides proper  polarity  to  the  circuit  w^hichever  the  direction  of 
motion  of  the  car  may  be.  A  worm  is  fastened  to  the  armature 
shaft  and  engages  a  w^orm  wheel.  To  this  wheel  is  fastened  a 
friction-strap  clutch  that  grips  a  four-pole  switch  in  case  the 
motion  of  the  train  be  reversed  and  drags  it  around  till  it  makes 
contact  in  the  reverse  manner,  then  at  this  point  a  dog  trips  the 
friction-strap  clutch  and  the  worm  wheel  is  allowed  to  turn 
thereafter  without  the  friction  of  the  clutch.  On  reversal  of  the 
motion  of  the  car,  the  swdtch  is  reversed,  thus  keeping  proper  po- 
larity in  the  circuit  whatever  the  direction  of  train  motion.  A 
few  sheets  of  hard  steel  are  supplied  in  building  up  the  pole 
pieces  of  the  field  magnets  to  in.sure  proper  magnetic  polarity 
of  the  fields. 

The  function  of  the  automatic  switch  is  to  close  the  generator 
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Plate  XXIX. — Regulator  of  Newbold  Axle  Equipment. 
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circuit  when  the  critical  speed  is  attained.  A  coil  of  very  fine 
wire,  M,  Plate,  XXIX,  is  uiouiitcd  on  a  levt-r  arm  pivoted  at  P, 
and  is  connected  directly  across  the  terminals  of  the  generator, 
the  adjustment  being  such  that  when  the  generator  attains  a 
voltage  equal  to  that  of  the  battery,  the  magnetism  developed  in 
this  coil  wiJl  be  of  sufficient  strength  to  draw  up  the  lever  arm, 
thus  closing  the  switch  at  O.  When  the  generator,  now  on  the 
line,  begins  to  iissume  the  load,  all  the  current  passes  through  the 
series  coil  N  and  increases  the  magnetic  pull  of  the  shunt  coil  M, 
insuring  good  contact  in  the  automatic  switch  0. 

In  opening  the  automatic  switch,  the  sei-ies  coil  has  an  impor- 
tant function  which  is  not  generally  recognized.  For  simplicity 
in  explanation  of  this,  consider  all  lights  off,  i.  e.,  the  generator 
furnishing  current  for  charging  battery  in  the  day  time.  When 
the  speed  of  the  train  is  above  the  critical  value  the  generator  is 
charging  the  battery  and  the  current  passing  through  the  series 
coil  N  intensifies  the  magnetic  pull  of  the  shunt  coil  M.  Now  if 
the  speed  decreases,  the  generator  voltage  drops  till  it  is  equal 
to  that  of  the  battery  provided  the  speed  decreases  sufficiently 
and  the  current  flowing  will  be  zero,  but  still  the  automatic 
switch  will  stay  closed  due  to  the  magnetic  pull  of  the  shiuat  coil 
M.  But,  now,  as  soon  as  the  generator  voltage  drops  a  little  be- 
low that  of  the  battery  there  will  be  a  current  flow  in  the  reveree 
direction  through  the  series  coil  N,  thus  creating  a  magnetic  flux 
in  it  in  opposition  to  that  of  M  which  will  accelerate  the  opening 
of  the  switch. 

It  is  obvious  that  if  the  shunt  coil  alone  were  used  to  operate 
the  automatic  switch,  the  battery  pressure  would  tend  to  hold  it 
closed  even  far  below  the  critical  speed,  since  the  battery,  gen- 
erator, and  shunt  coil  are  all  in  parallel  when  the  switch  is  closed, 
and  an  injurious  battery  short-circuit  would  occur,  or,  if  the  auto- 
matic switch  did  open,  it  would  do  so  under  hea\^  arcing  due  to 
the  battery  discharge  current. 

The  function  of  the  n<i)(l(ifor  is  to  maintain  proper  voltage 
in  the  system.  In  this  equipment  it  is  properly  called  the  "Grav- 
ity Regulator"  as  it  depends  on  balancing  the  pull  of  gravity  on 
a  shot  bucket  on  one  side  against  the  pull  on  aii  electric  mag- 
netic solenoid  on  the  other.     This  is  accomplished  by  the  appar- 
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atus  illustrated  hi  Plate  XXIX.  The  generator  current  energizes 
the  large  coil  A  which  actuates  the  plunger  B,  this  being  sus- 
pended on  a  flexible  chain  C  which  passes  over  a  wheel  E 
moimted  on  ball  bearings  and  fastened  to  the  piston  of  the  dash- 
pot  F.  The  piston  of  this  dashpot  is  loaded  with  shot  to  an 
amount  which  is  adjusted  to  balance  the  pull  on  the  core  of  the 
rated  generator  current  flowing  through  the  coil  A. 

From  this  balancing  wheel  is  extended  a  long  arm  H  carrying 
two  contact  shoes,  one  of  which  carries  the  field  current  and  en- 
gages with  the  bars  I  of  the  field  rheostat  and  the  other  G, 
which  carries  the  lamp  current  and  makes  contact  with  the  cor- 
responding bars  of  the  lamp  rheostat  which  are  shown  above  L. 

The  lamp  rheostat  is  so  placed  that  its  contact  points  are  all 
cut  into  circuit  when  the  lever  arm  first  moves  down.  The  func- 
tion of  this  lamp  rheostat  is  to  compensate  for  the  rise  in  voltage 
of  the  generator  over  that  of  the  battery  in  assuming  the  load 
from  the  battery. 

In  regard  to  this  dashpot  piston  loaded  with  shot, — there  are 
two  compartments  to  it,  one  loaded  heavily  with  shot  and  one 
with  no  shot  in  it  at  all.  These  are  so  placed  that  when  the  arm 
H  is  in  the  zero  position  the  heavier  shot  piston  is  not  supported 
by  the  chain  C  but  rests  on  the  top  edge  of  the  dashpot  F,  so 
when  the  generator  circuit  is  first  closed  a  slight  current  in  the 
coil  A  will  overcome  the  weight  of  the  lighter  piston,  thus  draw- 
ing the  plunger  B  into  the  coil  A  and  causing  the  arm  H  to  move 
downward  until  the  lighter  piston  comes  in  contact  with  the 
heavy  one  above  it,  thereby  cutting  in  all  the  resistance  of  the 
lamp  rheostat  and  the  first  few  sections  of  the  field  rheostat. 
Now,  as  the  speed  of  the  generator  increases  and  the  generator 
assumes  more  load,  the  magnetic  pull  of  the  solenoid  A  in- 
creases until  it  reaches  a  value  sufficient  to  overbalance  the 
weight  of  both  pistons  in  the  dashpot  F,  whereupon  the  arm  H 
is  drawn  downward  cutting  in  the  field  rheostat  I  as  may  be 
needed. 

Another  function  of  this  dashpot  is  to  render  the  operation 
of  the  plunger  and  lever  arm  rather  sluggish.  This  is  due  to  the 
fact  that  the  dashpot  piston  is  made  to  fit  closely  to  its  cylinder 
and  on  raising  or  lowering  the  piston,  air  is  forced  in  or  out  of 
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a  tiny  hole  in  the  bottom  of  the  cylinder.  This  is  essential  in 
protecting  the  equipment  from  accident  and  abuse,  for  if,  due 
to  some  poor  connection  in  the  circuit  the  generator  current 
should  come  and  go,  or  if  a  blown  main  fuse  should  be  replaced 
while  running  at  a  high  speed,  a  great  "hunting  effect"  would 
take  place  if  the  dashpot  were  omitted,  that  is,  the  generator 
voltage  and  current  would  surge  up  and  dowTi  between  wide 
limits,  all  due  to  the  fact  that  the  field  magnets  do  not  respond 
immediately  to  a  change  in  field  current. 

The  battery  consists  of  a  set  of  82  cells  of  type  13-E  of  240 
ampere  hour  capacity,  made  by  the  Electric  Storage  Batter}'  Co., 
located  beneath  the  car  in  the  same  manner  as  shown  in  Plate 
XXV. 

The  fundamental  principle  at  the  basis  of  this  regulator  is 
that  as  the  generator  pressure  tends  to  rise  the  battery  current 
input  rises  almost  proportionally  to  the  increase  in  voltage.  This 
energizes  the  coil  A  more  strongly,  thus  pulling  the  plunger 
down  farther  and  cutting  in  more  field  resistance  I  till  normal 
conditions  are  restored  and  the  generator  current  returns  to  nor- 
mal value.  On  a  decrease  of  speed  occurring  the  reverse  oper- 
ation occurs,  the  lever  arm  H  being  gradually  lifted  by  the 
weights  in  F  overcoming  the  decreasing  pull  of  the  solenoid,  till 
the  pressure  is  raised  to  normal  value,  this  continuing  till  the 
critical  speed  is  reached,  when,  on  a  slight  further  decrease  of 
speed,  the  automatic  switch  opens  and  the  lights  are  fed  from 
the  battery. 

METHOD  OF  TEST 

The  method  of  test  was  essentially  the  same  as  that  described 
on  page  60,  but  is  illustrated  more  in  detail  by  Plate  XXX.  The 
lower  half  of  the  plate  indicates  the  equipment  as  normally  in- 
stalled, the  upper  half  shows  the  testing  instruments,  while  the 
dotted  lines  indicate  the  wiring  between  the  instruments  and  the 
equipment,  the  heavy  dotted  lines  indicating  wire  of  No.  0.  B. 
&  S.  gauge,  while  the  fine  dotted  lines  indicate  where  voltage 
leads  were  used. 
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TEST    CONNECTIONS 

NEWBOID    AXL£:    EQUIPNENT 


Plate  XXX. — Test  Connections,  Newbold  Axle  Equipment. 
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REStJLTS  OF  TEST 

St.  Paul  to  Voriland.     March  21  to  28,  19o6. 

Duration  of  test 74     Hrs. 

Generator  Operating 53     Hrs. 

Generator  not  operating 21     Hrs. 

Lamps  Lighted  35    Hrs. 

Battery   Charge    39     Hrs. 

Total  Generator  Output  105     K.  W.  Hr. 

Total  Lamp   Consumption   54 . 3  K.  W.  Hr. 

Total  Batterj^  Charge  56      K.  W.  Hr. 

Total  Battery  Discharge 9.7  K.  W.  Hr. 

Average  Generator  Efficiency   80% 

Power  absorbed  from  a^fle  at  60  mi.  per  hr.  =  3.4  H.  P. 

Total  efficiency  of  run  = 

Lamp  Cons,  x  Gen.  Etf.  x  Belt  Eff.    _    54.3  x  80  %  x  97  % 
Gen.  Output  105 

=  40%  total  efficiency  of  run. 
Belt  loss  is  assumed  as  3%. 

Portland  to  St.  Paul. 

Duration  of  test 66      Hrs. 

Generator   Operating    51       Hrs. 

Generator  not  operating    15      Hrs. 

All  Lamps  Lighted   34      Hrs. 

Battery  Charging 32       Hrs 

Total  Generator  Output  95.5  K.  W.  Hr. 

Total  Lamp  Consumption 55.7  K  "W.  Hr. 

Total  Battery  Charge  42.5  K.  W.  Hr. 

Total  Battery  Discharge   10.7  K.  W.  Hr. 

Average  Generator  Efficiency 80% 

Power  absorbed  from  axle  at  60  mi.  per  hr.  =  3.4  H.  P. 

Total  efficiency  of  run  = 

Lamp  Cons,  x  Gen.  Eff.  x  Belt  Eff.   _  55.7  x  80  <fe  x  97% 
Gen.  Output  95.5 

=  45.3%  total  efficiency  of  run. 
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Plate  XXXI. — Showing  Detail  Operation  of  Newbold   AyT.ir  Equip- 
ment ON  Coach  No.  962,  Nob.  Pac.  Ry. 
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The  regulator  might  safely  be  adjusted  to  bring  the  generator 
current  to  20  amperes  instead  of  28  amperes,  with  resulting  sav- 
ing of  battery  depreciation  and  economy  in  power. 

DISCUSSION  OF  TEST 

The  most  striking  result  of  the  test  and  one  of  critical  impor- 
tance to  the  life  of  the  equipment  is  the  fact  that  the  batteries 
are  destmctively  overcharged  as  shown  by  a  comparison  of  the 
Avattmeter  readings  of  battery  charge,  56  K.  "W.  lir.,  page  85, 
and  battery  discharge,  9.7  K.  W.  Hr.,  also  by  a  comparison  of 
total  generator  output  105  K.  W.  Hr.  and  total  lamp  con- 
sumption 54.3  K.  W.  Hr.  This  is  due  to  the  fact  that  the  retru- 
lator  is  set  so  undesirably  high. 

Another  point  of  special  note  is  that  the  lamp  voltage  follows 
directly  the  rise  in  battery  voltage  as  shown  by  a  comparison  of 
the  voltage  curves  in  the  three  columns;  that  in  the  first  column 
representing  normal  operation  at  night  with  all  the  lamps 
lighted;  that  in  the  second  column  representing  the  rise  in  bat- 
tery voltage  from  normal  to  the  nearly  charged  condition  of  the 
battery  at  5:45  a.  m.;  while  that  in  the  third  column  represents 
an  overcharging  condition.  It  is  to  be  observed  that  any  lights 
in  use  during  the  time  represented  by  the  conditions  indicated 
by  the  second  column  receive  this  enormous  rise  in  voltage  and 
are  accordingly  rapidly  destroyed.  It  should  also  be  noted  that, 
had  all  the  lights  been  left  lighted  all  night,  this  great  rise  in 
voltage  would  not  occur,  but  the  operation  would  have  continued 
practically  constant  following  the  conditions  represented  by 
column  1. 

Incidentally  it  may  be  observed  that  the  field  current  of  the 
generator  varies  inversely  with  the  train  speed. 

Referring  to  curves  on  Plate  XXXII,  the  curve  of  batter^'  volt- 
age indicates  the  condition  of  battery  ehnnic  jind  shows  tluil  by 
noon  the  batteries  had  become  fully  charged  and  that  all  the  rest 
of  the  day  they  were  destructively  overcharged.  This  again  sub- 
stantiates the  point  indicated  earlier,  that  the  regulator  was  not 
adjusted  for  the  most  economical  conditions  of  use.  An  over- 
charge of  a  half  hour  occasionally  is  a  good  thing  to  keep  the 
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NLWBOLD  AXLE   EQUIPMENT 

CAR    962  NORTHERN    PACiriC     RY. 
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Plate  XXXII. — Test  of  Newbold  Axle  Equxpment,  Nor.  Pac.  Rt. 
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battery^  from  bt'coininu-  sulphatcd.  hut  au  overcharge  of  six  hours 
eveiy  day  at  the  normal  rate  is  sure  to  cause  complete  and  rapid 
destruction  of  the  battery  besides  a  large  waste  of  power.^ 

Test  of  Newbold  Axle  Equipment 

On  Dining  Car  ''Hannibal," 

C.  B.  &  Q.  Ry. 

The  cMiuipiiiciit  in  this  test  is  on  exactly  the  .same  principles  of 
operation  and  design  as  the  Newbold  equipment  tested  on  the 
Northern  I'aeitic  Railway  and  described  on  page  77.  except  for 
the  fact  that  this  equipment  operates  at  30  volts  instead  of  60 
as  was  the  case  on  the  other  equipment. 

This  equipment  is  of  special  interest  in  that  it  operates  under 
exceedingly  heavy  duty,  the  normal  lamp  current  being  75  am- 
peres, and  moreover  it  is  operated  on  a  short  run  where  it  must 
maintain  itself  under  markedly  different  conditions  at  the  differ- 
ent seasons  of  the  year;  that  is.  in  the  winter  months  it  must 
maintain  the  lights  lighted  not  only  on  the  run  but  must  furnish 
light  for  about  two  hours  while  standing  in  the  yards  at  Chi- 
cago, and  on  the  return  trip  must  maintain  lights  while  on  the 
run  and  also  for  an  hour  while  standing  in  the  yards.  On  the 
other  hand,  in  the  summer  months  the  lights  are  turned  on  for 
only  about  an  hour  and  a  half  altogether. 

The  car  was  put  into  service  in  ^larch.  only  about  two  months 
befor(»  the  test  was  made,  so  thai  it  had  not  cxpi'ricnced  any 
winter  service  at  that  time. 

It  operates  on  a  short  run  of  al)out  100  miles  from  Chicago  to 
Mendota.  Til.,  leaving  Chicago  at  6:10  \\  m.  and  arriving  at  'Mon- 
dota  at  8:0.")  p.  y\..  whi're  it  remains  till  .■):') 6  a.  m.  the  next  moni- 
ing.  wlicti  it  returns  to  Chicago,  ai'riving  tlicre  at  8:00  a.  m. 

method  of  test 

The  saiiic  methods  were  employed  in  this  test  as  were  used  in 
all  the  other  tests  of  axle  eiiuipment.  and  they  are  discussed  on 


'For  tlio  cnmploto  d.nta  of  this  test   n'fiT  Id  the  .iiradiiatinK  th.-sis  of  O.  n.  Cnilo 
and  .\.  .T,  Walsh.  T'nivcrsit  v  <>(  Wisc.ms  n.  Iimi;. 
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Plate  XXXIII. — Ixteriok  or  Dinixg  Cab  "Hannibal. 
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page  60  so  will  not  be  repeated  here,  except  to  indicate  the  loca- 
tion of  the  instruments.  There  was  of  course  no  available  room 
within  the  car  (, which  is  a  dining  car)  for  the  location  of  a  test 
board,  except  a  very  small  space  in  the  regulator  locker.  Ac- 
cordingly, the  switches,  voltmeters,  and  ammeters  were  placed  in 
this  locker,  while  the  larger  instruments,  such  as  the  wattmeters, 
relay  and  clock,  were  placed  in  the  vestibule,  and  all  wiring  con- 
nections were  made  to  them  as  shown  in  Plate  XXX.  The  lower 
half  of  the  plate  indicates  the  wiring  connections  of  the  axle 
equipment  while  the  upper  half  show's  the  test  instruments,  the 
dotted  lines  indicating  the  connections  between  the  instruments 
and  the  axle  equipment.  The  heavy  lines  indicate  No.  4  wires 
while  the  finer  lines  indicate  voltage  leads.  It  should  be  noted 
that  special  voltage  leads  were  run  from  the  generator,  line,  bat- 
tery and  field  winding. 

In  testing  this  equipment,  three  round  trips  were  made,  two 
under  normal  operating  conditions  of  that  date,  May  15,  which 
is  by  the  w'ay  near  the  summer  solstice,  and  one  trip  under  such 
conditions  artificially  produced  as  would  be  probably  experienced 
in  the  winter  months,  that  of  receiving  a  discharge  at  half  load 
for  two  hours  in  the  yards  before  leaving  in  the  evening  and  for 
one  hour  on  returning  in  the  morning. 

RESULTS  OF  TEST 

Trip  1. 

Duration  of  test    (round  trip) '-l  hr.  5!)  min. 

Generator  operating 3  hr.  22  min. 

Total  generator  output ;".64  K.  W.  Hr. 

Total  lamp  e<tnsniiii)ti(in    5.24  K.  "W.  Hr. 

Total  battoiy  charge   :1S2  K.  W.  llr. 

Total  battery  discharge   1.2    K.  W.  Hr. 

Trip  2.      ' 

Duration  of  test   3  lir.  59  min. 

General   operating    3  hi-,  lo  min. 

Total  generator  output    •'.:><>  K.  W.  Hr. 

Total  lamp  consumption   fi.2r)  I\.  W.  Hr. 

Total  battery  charge    ^.SG  K.  \V.  Hr. 

Total  batterv  discharge 1  .G    K.  W.  Hr. 
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CURVES 
■SHOWING        DC  TAIL          OPE  RATION       Of 

/^eWBOLD    AXLE  EQUIPMENT 
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Plate  XXXIV. — Cukves  Showing  Detail  Operation  of  Newbold  Axle 
Equipment,  C.  B.  &  Q.  Rt. 


[92] 


WRAY — METHODS    OP    RAILWAY    LIGHTING  93 

Trip  3. — Winter  Conditions. 

Duration  of  test 5  hr.  35  min. 

Generator  operating 3  hr.  10  min. 

Total  generator  output 9.62  K.  W,  Hr. 

Total  lamp  consumption   12.42  K.  W.  Hr. 

Total  "battery  charge   1.04  K.  AV.  Hr. 

Total  battery  discharge 4.66  K.  AV.  Hr.    " 

General. 

Generator  efficiency — Night  operation  =  70% 

Day  operation     =  74% 

^      ,    ^^  5.24  X  72%  X  97% 

Total  efficiency,  trip  1  =  — — =42.5%. 

DISCUSSION  OF  RESULTS 

The  results  of  this  test  as  shown  by  tables  above,  and  by  Plates 
XXXIV  and  XXXV,  show  many  interesting  features. 

In  the  first  place  the  tables  of  trips  1  and  2  indicate  a  pretty 
fair  relation  between  battery  charge  and  discharge,  possibly 
slightly  too  great  an  overcharge  but  not  so  destructive  as  was 
found  in  some  other  tests. 

Trip  3  shows  an  entirely  dilferent  relation,  however,  in  that 
the  batteries  will  not  receive  the  proper  charge  during  the  win- 
ter, unless  the  regulator  is  readjusted.  To  correct  for  this  dur- 
ing the  winter  months,  so  that  the  auxiliary  gas  light  will  not 
have  to  be  used,  the  regulator  setting  should  be  advanced  to  a 
value  of  160  amperes  instead  of  95  amperes  at  which  the  gener- 
ator now^  operates.  This  would  be  far  beyond  the  limits  of 
capacity  of  the  equipment  as  installed  on  this  car,  so  that  the 
auxiliary  gas  light  would  \evy  likely  have  to  be  used  for  part 
of  the  time  at  least. 

In  the  wattmeter  readings,  correction  has  been  carefully  made 
to  eliminate  losses  due  to  test  connections,  which  were  accurately 
measured  by  the  voltage  drop  method  with  a  0-5  scale  voltmeter. 

In  regard  to  the  curves  on  Plate  XXXIV,  attention  should  be 
called  to  the  fact  that  the  generator  current  is  practically  con- 
stant at  95  amperes  for  night  operation  but  for  day  operation 
it  drops  to  about  72  amperes. 
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This  illustrates  the  function  of  the  differential  winding  on  the 
controlling  solenoid  of  the  regulator,  which  permits  the  gener- 
ator current  for  night  operation  to  be  set  high  enough  so  that  it 
will  charge  the  batteries  somewhat  as  well  as  supply  the  lamps, 
without  causing  excessive  charging  in  the  day  time  when  the 
lamps  are  turned  oft*  and  all  the  generator  current  is  absorbed 
in  the  battery. 

This  is  the  only  real  value  of  the  dift'erential  winding,  but  it 
may  be  said  that  this  is  sufficient  to  warrant  its  use. 

The  lamp  voltage  varied  from  25  volts  with  the  generator  out 
of  action  to  32  volts  with  the  generator  in  action.  It  should  be 
noted  that  in  the  second  column  of  curves  the  battery  voltage  has 
risen  to  about  43  volts,  which  is  about  2.7  volts  per  cell,  in- 
dicating not  only  a  charged  condition  of  the  "battery  but  that 
of  overcharge  at  a  high  rate  of  current  flow.  In  this  connec- 
tion, also,  attention  must  be  called  to  the  fact  that  the  battery 
is  not  of  suffieient  capacity  for  the  heavy  duty  to  which  it  is  put. 

To  illustrate  this  point:  the  battery^  is  composed  of  16  "Na- 
tional" cells  each  of  336  ampere  hours  capacity,  supposed  to 
operate  at  a  normal  rate  of  42  amperes,  but  it  is  used  on  a  75 
ampere  lamp  circuit  and  is  charged  at  a  72  ampere  rate.  While 
this  rate  would  not  be  considered  excessive  for  short  periods  of 
time,  it  cannot  be  considered  good  practice  in  this  instance, 
as  such  a  high  rate  causes  abnormally  high  depreciation  of  the 
cells. 

Test  of  Bliss  Axle   Equipment  on   the  Northern  Pacific 

Railway 

The  equipment  manufactured  by  the  Bliss  Company  is  on 
radically  different  i)rineiples  of  control  from  any  of  the  other 
axle  devices  and  a  consideration  of  the  equipment  is  intensely 
interesting  and  instructive. 

It  consists  essentially  of  a  generator  located  on  the  truck  and 
driven  from  a  car  axle,  a  storage  battery  auxiliary  such  as  is 
common  in  the  other  equipments,  an  automatic  switch  to  close 
the  generator  circuit  when  the  critical  speed  is  attained,  a  reg- 
ulator to  compensate  for  variable  train  speeds,  and  the  lighting 
circuits  and  fixtures  within  the  car.     Within  the  last  year  or 
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two  the  liliss  ('oiiipiiiix  linvc  adopted  the  belt  drive  for  their 
generator  but  Ihc  ('(luipinciil  tested  was  arranged  with  a  gear 
drive,  aeeordin^ly  the  e(|iii|)iii('nt  as  tested  will  be  first  deseribed. 
The  generator  is  of  the  four  pole,  iron  clad  type,  suspended 
inside  the  truek  and  geared  to  the  axle  by  means  of  a  driving 
gear  mounted  on  one  end  of  a  split  sleeve  or  quill  surrounding 
the  axle  as  illustrated  in  Plate  XXXVII.  This  split  sleeve  is 
driven  from  Ihr  axle  by  means  of  four  driving  springs  connected 
to  a  two  armed  dou'.  as  illustrated  in  Plate  XXXVI. 


Plate  XXXVI. — Showing  Drivijsg   Spring  and  Generator  Suspension 
OF  Bliss  Equipment. 


The  details  of  the  split  sleeve  are  best  seen  in  Plate  XXXVII. 
It  runs  in  and  is  supported  by  two  sets  of  roller  bearings  which 
are  in  turn  supported  by  the  generator  frame  so  that  none  of 
the  weight  comes  upon  the  car  axle,  but  is  all  supported  by 
the  truck  frame.  A  large  clearance  is  provided  between  this 
sleeve  and  the  ear  axle  to  allows  the  axle  to  take  various  posi- 
tions, which  it  does  at  high  speed,  wdthout  affecting  the  gen- 
erator motion.  Since  the  only  connection  between  the  generator 
and  axle  is  by  means  of  the  driving  springs,  the  generator  is 
relieved  of  all  the  jarring  and  blow^s  it  would  otherwise  receive. 
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It  is  obvious  that  witli  so  flexible  a  connection  no  careful 
alicinnient  of  the  <>enerator  and  axle  is  necessary.  AH  the  true- 
ingf  up  and  linin<r  up  are  done  in  the  niannfacture  of  the  equip- 
ment, and  its  installation  is  a  simple  matter. 

The  generator  and  driving'  mccliaiiisiii  ai-e  encased  in  du.st- 
proof  cases  and  are  supplied   wilh  seli'-oilinfr  bearings. 


Plate   XXXVII. — Showing   Si'i.it   Slkevk   .\m)   Drivi.ng   Ge.\k  of   Bliss 

Axle  Equipment. 


The  rcg'ulator  is  tlie  eharaeleristie  part  of  this  equipment. 
Instead  of  regulatinu'  the  generatoi-  voltage  by  means  of  a  vari- 
able field  rheostat,  as  is  done  in  nearly  ovcry  other  type,  a  vari- 
able electro-motive  force  is  inserted  in  tlie  generator  field  cir- 
cuit in  opposition  to  that  inpressed  by  the  generator. 

This  is  accomplished  by  means  of  a  small  auxiliary  "bucker" 
armature  driven  at  praetically  constant  speed  by  a  small  shunt 
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iiiohir.  'riic  i'\cit;itiiiii  I'm-  lliis  iiiixiliary  ;ii'iii;i1  urc  is  furnished 
Ity  the  li;iltcr\-  cluirLiiiiL:-  ciirrcnl.  sd  llial  the  clci-t I'o-iiiotivc  force 
di'vi'lopcd  in  the  iiuxili;iry  iiruiiitiuv  is  proportional  to  the  bat- 
tery cliariziiiL;'  current  Howiiiii'. 

The  prineiiilr  uii<lctlyiim'  tlie  operation  of  this  regulation  is 
that  the  ('har^in>i'  eui-rent  th)win,u-  into  a  battery  is  directly  pro- 
portional to  the  rise  in  impressed  voltage  above  the  normal  bat- 
tery voltage;  that  is,   assuming  a  normal  voltage   of  64  volts, 


Plate  XXXVIII. — Showing  "Bucker"  with  Armature  Removed. 

there  will  be  twice  the  charging  current  flowing  if  68  volts  be 
impressed  than  if  66  volts  only  were  impressed,  and  further 
there  will  be  tliree  times  the  current  flowing  if  70  volts  be 
impressed,  etc. 

The  application  of  this  principle  to  regulation  of  generator 
voltage  in  this  e(iuipinent  is  that  a  rise  in  train  speed  causes 
a  proportionate  rise  in  generator  voltage,  this  in  turn  causing 
a  proportionate  rise  in  charging  current,  and  this  as  above  men- 
tioned, causes  an  increase  in  the  bucking  electro-motive  force  in 
the  generator  field  circuit,  resulting  in  a  decrease  in  field  voltage 
and  consequent  decrease  in  field  current,  and  this  finally  com- 
pen.sates  for  the  rise  in  train  s])eed.    The  regulator  which  efiPects 
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this  generator  control  is  called  the  licld  hiicker  as  it  operates 
in  the  field  circuit  of  the  generator. 

The  lamp  biicker  is  an  additional  bucker  armature  which 
is  very  similar  in  operation  to  the  field  backer,  but  is  used  for 
the  purpose  of  maintaiiiinu'  practically  constant  voltaj^e  on  the 
lamps.  It  is  wound  on  the  same  armature  as  the  field  bucker 
and  so  receives  the  same  excitation,  as  described  above,  and 
generates  a  counter  E.  M.  F.  in  the  lamp  circuit  which  is  at  all 
times  proportional  to  that  excitation.  This  counter  E.  M.  F. 
compensates  for  the  slight  variation  in  generator  voltage  caused 
by  varying  train  speeds,  for  obviously,  as  the  train  speed  rises, 
the  generator  voltage  and  battery  charging  current  will  rise 
proportionately,  this  being  necessary  to  produce  regulation.  The 
counter  E.  M.  F.  developed  in  the  lamp  bucker  armature,  how- 
ever, is  at  all  times  proportional  to  the  rise  in  generator  voltage 
above  normal  battery  voltage,  and  in  proper  design  is  made 
equal  to  it,  so  that  this  lamp  liucker  voltage  at  all  times  com- 
pensates for  the  variation  in  generator  voltage  which  is  in- 
herent in  the  operation  of  this  equipment.  The  lamp  voltage  is 
thus  entirely  independent  of  the  speed  of  the  train. 

This  lamp  bucker  armature  is  automatically  short-circuited 
when  the  lights  are  being  supplied  with  current  from  the  bat- 
tery and  no  regulation  is  necessarv^ ;  this  is  accomplished  by  the 
triple  contact  sho\^^l  in  Plate  XXXIX  directly  over  the  antoiiiatic 
switch.  There  are  two  triple  contacts  shown  in  the  plate  but 
they  represent  the  same  thing,  being  shown  in  duplicate  only  to 
avoid  confusion  of  lines. 

The  automatic  switch  is  that  part  of  the  equipment  which 
causes  the  generator  to  be  cut  into  the  circuit  at  the  proper 
speed.  Its  construction  is  plainly  shown  by  the  wiring  diagram 
in  Plate  XXXIX  and  consists  essentially  of  a  large  eoil  of  tine 
wire  placed  across  the  terminals  of  the  genei-ator.  so  that  wiien  the 
generator  voltage  rises  to  a  value  equal  to  that  of  the  battery, 
the  magnetism  developed  in  this  coil  will  be  sufficient  to  draw  up 
the  plunger  and  close  the  generator  switch.  There  is  an  addi- 
tional winding  of  coarse  wire  through  which  all  the  generator 
current  passes,  which  intensifies  the  magnetic  pull  on  tlie 
plunger  and  insures  good  contact  at  the  switch.     This  has  also 
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Plate  XXXIX.— Test  Connections,  Bliss  Axle  Equipment. 
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an  important  function  in  opening  the  switch  on  decreased  speed, 
in  that  the  reverse  current  from  the  battery  will  partially 
neutralize  the  shunt  coil  magnetism  and  cause  the  switch  to 
open  readily  at  the  proper  time. 

The  hattery  is  a  set  of  32  cells  of  the  National  type  and  is 
of  180  ampere  hour  capacity.  The  plates  are  set  in  hard  rub- 
ber jars  which  are  placed  in  wooden  trays  in  pairs  and  the 
whole  battery  located  in  two  boxes  beneath  the  car  as  illus- 
trated in  Plate  XXV  on  page  70. 

POLE  CHANGING  DEVICE 

In  this  equipment  a  novel  device  is  employed  in  obtaining 
proper  polarity  in  the  generator  circuit  independent  of  the  di- 
rection of  motion  of  the  car.  In  that  the  generator  is  a  four  pole 
one,  four  brushes  are  employed,  being  set  90  degrees  apart. 
These  are  placed  on  a  movable  brush  holder  which  is  mounted 
on  a  support  which  permits  the  holder  to  rotate  90  degrees,  but 
this  support  is  attached  to  the  frame  of  the  machine. 

This  angular  displacement  is  limited  by  a  stop.  When  the 
direction  of  motion  of  the  car  is  reversed  it  is  obvious  that  the- 
generator  will  develop  reverse  polarity,  but  due  to  this  friction- 
displacement  of  the  commutator  brushes  the  polarity  of  the  cir- 
cuit would  also  tend  to  be  reversed,  so  by  this  double  reversal, 
constant  polarit}^  in  the  external  circuit  is  obtained, 

METHOD  OF  TEST 

In  making  the  test  of  this  equipment  it  was  decided  to  take 
the  data,  as  was  done  in  the  other  tests  of  axle  equipment,  in 
two  sets;  one  set  covering  the  whole  performance  of  the  equip- 
ment and  consisting  of  wattmeter  readings  of  total  watts  gen- 
erated, total  line  consumption,  total  battery  charge  and  total 
battery  discharge  over  the  entire  trip;  the  other  set  being  con- 
cerned only  with  the  details  of  operation  of  the  equipment,  con- 
sisting in  taking  simultaneous  readings  of  all  the  various  cur- 
rents and  pressures  throughout  the  system  as  they  vary  with 
train  speed. 

■      [101] 
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Accord iimly  ;i  lest  Ixiiird  was  constructed  as  is  shown  by  the 
upper  hall'  (if  I'lalc  XX  X  I  X.  the  lower  hall'  of  llic  plalc  being  a 
diagram  (»r  couucet  ions  of  t lie  e(|uipnient  as  in  normal  operation, 
the  dolled  lines  showing  the  temporary  wiring  to  the  test  board. 

b'oui-  uattmclcis  of  the  ordinary  recording  type  were  em- 
ployed, two  Thomson  meters  and  two  Duncan  meters.  The  two 
Thomson  instruments  were  placed  in  the  generator  and  line 
eircuils.  while  the  two  Duncan  meters  were  both  placed  in  the 
battery  circuit,  one  for  battery  charge  and  the  other  for  bat- 
terv   discharuc 


Plate  XL. — Test  Board  as  Installed  in  Coach  963,  Nor.  Pac.  Ry. 


The  separation  of  battery  charge  and  discharge  by  means  of  a 
polarized  relay  has  been  explained  on  page  62  so  will  not  be  con- 
sidered here  fuilher. 

A  recording  clock  magiietically  controlled  was  constructed 
to  indicate  the  total  time  of  generator  operation,  or  more  cor- 
rectly, the  total  time  the  generator  was  not  operating,  from 
which  the  former  could  easily  be  deducted.  The  solenoid  of  this 
clock  was  placed  in  the  generator  circuit  so  that  with  normal 
generator  current  flowing  the  solenoid  would  be  sufficiently  mag- 
netized tn  draw  down  the  keepei-  which  was  in  connection  with 
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the  balance  wheel  of  the  clock,  similar  to  an  ordinary  stop  watch. 
The  adjustment  was  such  that  when  the  keeper  was  drawn 
down  it  would  stop  the  clock,  and  when  the  generator  current 
became  sufficiently  weak  the  keeper  would  be  drawn  up  by  a 
spring  and  the  clock  would  start  i-unning,  thus  recording  the 
time  that  the  generator  was  inoix'iative. 

A  voltage  board  was  constructed  as  illustrated  in  Plate  XXXIX 
in  order  to  make  all  the  various  voltages  readily  accessible  for 
reading  on  one  voltmeter. 

The  method  of  connection  between  the  test  board  and  equip- 
ment is  self-evident  from  Plate  XXXIX.  The  heavy  dotted  lines 
indicate  where  No.  3  wire  was  used  and  the  fine  dotted  lines  indi- 
cate voltage  leads.  No.  3  wire  was  used  for  all  main  circuit  connec- 
tions so  that  the  error  due  to  test  connections  might  l)e  in-uli- 
gible.  Where  a  circuit  was  broken  in  order  to  insert  test  instru- 
ments into  the  circuits  of  the  equipment  it  is  indicated  by  two, 
and  in  one  case  three,  .solid  black  dots,  which  it  must  be  under- 
stood, are  connected  together  in  normal  operation  of  the  equip- 
ment. 

DATA 

Wattmeter  and  clock  readings  were  taken  each  morning  when 
the  lights  were  turned  off  and  each  night  when  thej^  were  turned 
on  again. 

The  detail  data  were  obtained  by  taking  sinuiltaneoas  readings 
of  train  speed,  generator  current,  line  current,  batteiy  current, 
field  current,  motor  current,  and  generator  voltage,  line  voltage, 
battery  voltage,  field  voltage,  lamp  bucker  voltage,  ami  field 
bucker  voltage.  While  it  was  impossible  to  make  these  readings 
exactly  simultaneoTisly  they  were  very  nearly  so,  in  that  all  the 
reading.s  of  each  set  were  taken  within  a  period  of  ten  seconds. 

Train  speed  was  determined  by  counting  the  rail  clicks.  In 
case  of  a  30  foot  rail  the  number  of  clicks  in  approximately 
20>4  seconds  is  directly  the  speed  in  miles  per  hour.  This  was 
a  very  convenient  and  sufficiently  accurate  method.  In  taking 
the  speed  readings  during  test,  rails  were  counted  for  10.2  sec- 
onds only  in  oi-dcr  to  facilitat(^  the  taking  of  these  data. 
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RESULT   OF  TEST 

(See  also  IMates  XLl  and  XLIi.) 

Total   time  oi"  test    74       Hrs. 

lieiu'i-ator   Operating    491/2  Hrs. 

(icncrator  Not  ()|)eratiiig   -41/^  Hrs. 

Total   (init'i-atoi-  Output    57.9  K.  W.  Hrs. 

TotaJ  Lamp  Consumption   28.4  K.  W.  Hrs. 

Battery  Cliarye    8.5  K.  W.  Hrs. 

Battery  Discharge   7.3  K.  W.  Hrs. 

Generator   and   drive   efficiency,    night   oper- 
eration,  computed  on  basis  of  belt  drive 

with  97%  efficiency 68% 

Generator    efficiency,     day    operation,     com- 
puted on  basis  of  belt  drive  with  97% 

efficiency    50% 

Average  losses  of  gear  drive  =  900  watts  — 1.2  H.  P. 
Shortly  after  starting  upon  the  return  trip  one  of  the  main 
driving  springs  broke  and  in  flying  around  tore  loose  one  of 
the  generator  terminals,  and  the  test  was  therefore  discontinued 
before  the  end  of  the  complete  round  trip. 

DISCUSSION   OF   RESULTS 

Referring  to  Plate  XLI  which  is  merely  a  graphical  represen- 
tation of  two  different  sets  of  data  as  taken  on  the  road  test, 
the  set  in  the  first  column  being  taken  in  the  evening  shortly 
after  the  lights  were  turned  on,  and  the  set  in  the  second  column 
being  taken  in  the  middle  of  the  afternoon  while  the  lights  were 
out. 

One  of  the  most  important  things  to  be  noted  in  the  first  col- 
umn is  the  curve  of  lamp  voltage  regulation,  which  is  seen  to 
vary  from  56  to  '58.5  volts  in  going  from  a  stop  to  a  speed  of 
50  miles  an  hour.  This  compares  very  advantageously  with  sim- 
ilar curves  of  tests  of  other  equipments. 

It  should  be  noted  also,  that  the  battery  charging  current  is 
entirely  independent  of  the  number  of  lamps  burning,  and  ac- 
cordingly   continues    throughout    both    day    and   night.      This 
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Plate  XLI. — Cueves  Showing  Detail  Opebation  of  Bliss  Ayt.b:  Equip- 
ment, Nob.  Pao.  Ry. 
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charj^o  is.  liowcNcr.  (IcpciKlciit  upon  llic  1i-ain  speed,  being  zero 
ill  L*.')  miles  jx-r  liDiir.  jiiid  gradually  rising  with  the  train  speed 
to  a  valut' of  S  ;iiiip('r('s  ill  .1(1  miles  per  hour.  This  point  is  more 
clearly  shown  in  the  eorresi)onding  eurve  on  Plate  XLII  in  which 
train  speed  is  plotted  horizontally  and  charging  watts  plotted 
vertically.  This  shows  the  absolute  relation  between  train 
speed  and  batterj^  charge.  Here  it  is  plotted  as  battery  watts 
simply  for  convenience  in  comparison,  but  the  approximate 
charging  current  is  easily  obtained  by  dividing  by  the  normal 
battery  voltage  of  60. 

This  eurve  is  the  key  to  the  regulation  of  the  equipment,  in 
that  the  equipment  is  operated  on  principles  of  battery  current 
regulation,  and  accordingly  the  greater  the  speed  the  greater 
the  battery  current  necessary  to  compensate  for  that  rise  in 
speed.  Referring  again  to  Plate  XLI  it  should  be  noted  that  the 
battery  charge,  field  bucker  voltage  and  lamp  bucker  voltage, 
increase  directly  with  the  train  speed,  while  the  field  current 
and  field  voltage,  and  motor  current  vary  inversely  with  the 
speed.  All  these  relations  are  shown  more  plainly  by  curves 
on  Plate  XLII  and  will  be  reverted  to  later. 

Comparing  the  two  columns  on  Plate  XLI  it  may  be  seen  that 
the  operation  in  the  two  conditions  illustrated  is  essentially  the 
same  except  for  the  change  in  lamp  current,  this  causing  merely 
a  corresponding  decrease  in  the  generator  current.  It  should 
also  be  noted,  before  leaving  this  plate,  that  the  generator  cur- 
rent is  practically  constant  at  all  speeds  when  the  number  of 
lights  remains  constant.  This  is  due  to  the  fact  that  for  rise  in 
speed  the  battery  current  increases  while  the  field  current  de- 
creases by  an  approximately  equal  amount,  so  that  they  com- 
pensate for  each  other. 

The  character  of  the  operation  of  the  equipment  may  be  sum- 
marized as  follows : 

1.  The  equipment  regulates  lamp  voltage  admirably,  irre- 
spective of  train  speed  or  number  of  lamps  in  use,  but  does 
not  fully  regulate  in  respect  to  variation  in  the  condition  of  the 
battery. 

2.  The  batteries  are  charged  both  day  and  night  entirely  in- 
dependently of  the  lamps  in  use.    This  is  a  point  of  advantage  in 
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¥ARriN6    TRAIM      SP££D        IN     VARIOUS         PAHTS  or 

BII.SS      AXLE     EQUIPMENT 


GENERATOR,  ErriCICNCr   ALL   LIGHTS    0/^ 


^i-^ 


TRAIN   SP^eO 
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With    Varying 
Equipment. 


Es    Showing    the    Variation    of    Power    Absorbed 
Train    Speed    in    Various    Parts    of    Bliss    Axle 
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that  it  allows  the  equipment  to  recover  at  night  from  a  severe 
discharge.  This  is  not  generally  the  case  with  the  constant  cur- 
rent reiailation  of  most  other  equipments.  It  also  provides  that 
the  battery  be  charged  at  a  low  rate  over  long  periods,  which 
is  a  desirable  feature. 

3.  Battery  ehai'ging  current  maintains  a  fixed  relation  to 
train  speed  independent  of  the  condition  of  the  battery.  This 
has  certain  advantages  and  other  disadvantages. 

Test  of  Straight  Storage  Equipment 
C.  B.  &  Q.  Railway 

The  test  of  this  equipment  was  made  on  a  train  running  be- 
tween Chicago  and  Minneapolis,  Minn.,  on  the  Chicago,  Bur- 
lington &  Quincy  Railway.  Each  car  of  the  train  was  equipped 
with  a  battery  of  48  cells  of  160  ampere  hour  capacity  made  by 
the  American  Battery  Company.  These  batteries  are  all  charged 
and  discharged  together,  as  train  line  connections  are  made  be- 
tween cars.  Suitable  switches  are  supplied  in  a  locker  in  each 
car  for  operating  the  lamp  circuits.  The  equipment  is  ex- 
tremely simple,  as  no  regulating  device  or  complicated  mechan- 
ism is  in  the  circuit. 

The  operation  of  the  batteries  is  as  follows: 

A  charge  is  given  the  batteries  during  the  day  at  Minne- 
apolis, which  is  followed  by  the  discharge  during  that  night  on 
the  run  to  Chicago.  At  Chicago  the  batteries  are  again  charged 
all  day  and  the  night  following  are  discharged  in  lighting  the 
train  on  its  return  to  Minneapolis.  The  -charging  at  Minne- 
apolis is  accomplished  by  means  of  a  Westinghouse  gasoline 
engine-generator  set.  As  soon  as  the  train  is  backed  into  the 
yards,  the  connections  are  made  to  the  train  line  and  the  charg- 
ing begins  without  removing  the  batteries.  Except  for  a  shut- 
down from  12  to  1  at  noon,  the  batteries  are  charged  contin- 
nously  from  8 :30  a.  m.  to  5 :30  p.  m.,  using  a  current  of  about 
40  amperes  to  the  train  of  four  cars. 

At  Chicago  the  batteries  are  again  charged  for  about  the  same 
period  from  a  charging  station  at  the  12th  Street  Round  House, 
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which  is  provided  with  a  90  Horse-power  Westinghouse  Engine 
belted  to  two  dynamos,  one  of  15  K.  W.  capacity  and  the  other 
of  25  K.  W.  capacity. 

METHOD    OF    TEST 

In  making  the  test  of  this  equipment,  switches  were  placed 
in  the  battery  circuits  of  each  car  by  means  of  which  an  ammeter 
could  be  inserted  to  measure  the  current  flowing.  Readings  of 
current  and  voltage  were  taken  from  each  car  at  fifteen  minute 
intervals.  The  results  given  in  the  following  table  are  the  aver- 
ages of  three  separate  charges  and  three  separate  discharges 
which  were  made  in  the  test. 

RESULT    OF    TEST 

Chair  Car  No.  501. 

total  lamp  consumption  (3  trips)    17.94  K.  W.  Hr. 

Total  battery  charge  (3  days)    38.6   K.  W.  ITr. 

Watt  efficiency 46.5^ 

Total  lamp  con.sumption  (3  trips)    20.9    K.  \V.  llr. 

Total  battery  charge   (3  days)    45.7    K.  W.  Hr. 

AVatt  efficiency 45.7% 

Pulbnan  Sleeper  "Apollo". 

Total  lamp  consumption   (3  trips)    26.1    K.  W.  Ilr. 

Total  battery  charge  (3  days)    51.9    K.  W.  Hr. 

Watt  efaciency  50.3% 

Chair  Car  No.  4151. 

Total  lamp  consumption   (3  trips)    17.4    K.  W.  Ilr. 

•      Total  batter\-  charge  (3  days)    31.5    K.  W.  Ilr. 

Watt    effieieiiey    55.2% 

DISCUSSION   OF  RESULTS 

In  discussion  of  the  results  of  this  test,  attention  should  be 
called  to  the  low  efYicieney  of  the  batteries  as  given  on  the  pre- 
ceding page.  This  is  largely  due  to  the  fact  that  the  batteries 
were  old  ones  and  had  been  operated  in  this  service  for  several 
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years.  It  is  also  somcwliat  due  to  the  fact  that  the  batteries 
were  slightly  overcharged  each  day,  this,  however,  not  being 
much  more  tliau  should  be  given  to  keep  the  plates  from  sul- 
phating. 

In  regard  to  the  general  operation  of  the  equipment  it  may 
be  said  to  be  satisfactory.  The  lights  at  the  beginning  of  the 
trip  are  connected  to  a  freshly  charged  battery  and  make  a  very 
good  showing  in  lamp  brilliancy.  Later  in  the  night  the  voltage 
falls  somewhat,  but  the  lights  are  not  needed  so  much  at  that 
time,  so  that  it  is  not  objectionable. 
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CHAPTER  IV 


THE  AXLE  LIGHTING  PROPOSITION 

Jii  prrsi'iitiii-;'  this  chapter  it  will  be  assumed  that  the  reader 
has  a  practical  understanding  of  the  ordinary  apparatus  in  con- 
nection with  an  axle  equipment,  such  as  the  generator,  battery, 
lamps,  pole  changer,  automatic  switch,  regulator,  etc.,  and  in 
this  chapter  will  be  considered  only  the  principles  underlying 
the  operation  of  that  equipment. 

The  fundamental  principles  will  be  treated  in  the  order  of 
their  importance  and  may  be  outlined  as  follows: 

a.  Generator  control. 

b.  Lamp  voltage  regulation. 

c.  Generator  drive. 

d.  Protection  of  storage  battery  from  excessive  overcharge. 

(a)  (icneraior  Conirol. — There  are  several  principles  upon 
whieli  sueli  a  control  might  operate,  and  there  are  as  many  such 
regulators  in  actual  operation. 

1.  Probably  the  simplest  one  is  that  which  depends  upon  the 
belt  .slipping  at  the  high  s{)eeds  so  that  the  generator  runs  at  a 
constant  speed  irres])ective  of  variable  train  speed  above  a 
certain  i)redetermined  limit.  Such  an  equipment  is  described 
on  page  11. 

2.  Then  another  might  be  dependent  upon  armature  reactions 
at  the  high  speeds  controlling  the  generator  voltage.  Such  an 
equipment  is  described  on  page  16. 

3.  Regulation  could  also  be  effected  by  means  of  a  differen- 
tial winding  on  the  generator  fields  to  decrease  the  excitation 
as  the  generator  voltage,  and  hence  battery  current,  increased. 
Such  an   arraimciiieiit   is  sometimes  employed,  where  desirable, 
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JU5  a  iiiodilicatiou  of  the  Bliss  Axle  equipment,  replacing  the 
bucker  scheme. 

4.  The  last  and  most  used  in  this  country  is  that  type  of 
regulation  which  controls  the  generator  current  by  varying  the 
generator  field  current  to  compensate  for  rise  in  speed.  Upon 
this  last  principle  are  based  all  the  successful  regulators  in  the 
^•Vmeiican  market  today. 

In  the  manner  in  which  this  variation  in  field  current  is  ob- 
tained proportionate  to  rise  in  train  speed,  there  is  a  "wide 
diversity  of  methods  and  mechanisms.  They  may,  however,  be 
divided  into  three  classes;  those  of  Constant  Current  Control, 
Battery  Current  Control  and  Voltage  Control. 

Further,  it  is  interesting  to  note  in  a  comparative  way  the 
various  means  by  which  the  regulation  is  effected. 

1.  In  the  Consolidated  Axle  Equipment  a  field  rheostat  is 
operated  by  means  of  an  auxiliary  motor.  See  page  56. 

2.  In  the  Newbold  System  the  floating  plunger  of  the  sole- 
noid is  attached  to  a  balanced  rheostat  arm.     See  page  77. 

3.  In  the  United  States  Equipment  the  floating  plunger  of 
the  solenoid  presses  directly  upon  a  pile  of  carbon  blocks  which 
forms  a  variable  resistance  in  multiple  with  the  generator 
fields.      See   page   21. 

4.  In  the  Deutsch  System  a  field  rheostat  is  operated  by  com- 
pressed air,  the  supply  of  which  is  affected  by  the  controlling 
solenoid.    See  page  25. 

5.  In  the  Everett  Regulator  a  variable  resistance  in  the  form 
of  carbon  contacts  is  inserted  in  multiple  with  a  permanent 
field  resistance,  these  carbon  contacts  being  fastened  directly 
upon  the  floating  plunger  itself.     See  page  24. 

6.  In  the  McElroy  Axle  Equipment  a  small  auxiliary  motor 
operates  the  field  rheostat,  the  motor  running  only  when  reg- 
ulation is  necessary.  This  motor  is  controlled  by  the  regulating 
solenoid.    See  page  18. 

7.  In  the  Bliss  Axle  Equipment  a  small  motor  drives  an 
auxiliary  armature  which  generates  a  variable  counter-electro- 
motive force  in  the  generator  field  circuit.  This  is  better  known 
as  the  "bucker."  and  is  described  on  page  98. 

The  first  class  of  regulators,  those  of  constant  current  con- 
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trol,  comprise  all  those  regulators  which  depend  upon  the  mag- 
netic pull  of  a  solenoid  energized  by  the  generator  cuiTent. 
Of  the  modern  American  equipments  on  the  market,  those  hav- 
ing this  type  of  regulation  are : 

The  Consolidated  Axle  Equipment p.  56. 

The  Newbold  Axle  Equipment p.  77. 

The  United  States  Axle  Equipment p.  21. 

The  Deutsch  Axle  Equipment p.  25. 

The   Everett  Acgulator    p.  24. 

In  the  second  class,  that  of  battery  current  regulation,  there 
is  only  one  equipment  manufactured,  the  Bliss  Axle  Equipment, 
page  95. 

Likewise  in  the  third  class,  that  of  voltage  control,  there  is 
only  one  equipment  in  the  American  market,  tli^  McElroy 
Axle  equipment,  page  18. 

In  a  consideration  of  the  relative  merits  of  these  three  classes 
of  regulator,  it  should  be  remembered  that  none  of  them  reg- 
ulates for  constant  generator  voltage,  in  fact,  such  a  regulator 
would  be  impracticable  on  this  kind  of  service,  inasmuch  as  it  is 
necessary  to  raise  the  impressed  voltage  in  order  to  charge  the 
battery;  but  the  writer  does,  in  this  connection,  wish  to  em- 
phasize the  fact  that  the  regulators  for  constant  generator  cur- 
rent, as  well  as  those  of  battery'  current  control,  will  cause  the 
same  charging  current  to  flow  whether  the  batteries  are  in 
an  exhausted  state  and  need  the  charge,  or  whether  they  are,  at 
the  time,  fully  charged  and  are  being  destructively  overcharged; 
that  is,  the  regulation  is  not  dependent  upon  the  voltage  at 
which  it  operates.  This  point  is  easily  proved,  inasmuch  as 
the  regulation  itself  depends  upon  this  very  current  flow. 

This  should  indicate  the  extreme  importance  of  proper  set- 
ting of  the  regulator  for  the  conditions  of  each  particular  run 
on  which  cars  are  engaged,  in  order  that  the  time  of  destruct- 
ive overcharge  may  be  a  minimum.  On  many  runs,  however, 
this  is  impossible  due  to  the  uncertain  and  unlmoAvn  conditions, 
and  in  such  cases  in  order  to  obtain  satisfactory  and  economical 
operation  a  protective  device  to  prevent  excessive  charging  such 
as  described  on  pages  126  to  132  is  desirable. 

The  equipment  in  the  class  operative  by  voltage  control  is 
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that  described  on  pa^e  18.  The  principle  underlying  the  oper- 
ation of  this  regulator  is  one  which  should,  if  properly  carried 
out,  larcfcly  eliminate  the  objection  in  regard  to  overcharge  of 
the  batteiy,  which  is  often  found  with  the  other  types,  for  in 
this  type  of  regulator  the  charging  current  decreases  by  any 
predetermined  ratio  as  the  battery  becomes  fully  charged,  as 
explained  on  page  19. 

It  sliould  be  noted  that  in  the  constant  generator  current 
regulation,  the  battery  charging  current  when  the  lamps  are 
turned  on  is  very  low  or  nothing  at  all  (see  Plate  XXXI),  but 
that  when  the  lights  are  turned  off  it  rises  to  a  value  equal  to  the 
normal  generator  output,  so  that  the  charging  is  practically 
all  done  in  the  day  time ;  while  on  the  other  hand  with  battery 
current  regulation,  such  as  the  Bliss  type,  the  battery  charge 
is  irrespective  of  the  lamps  in  use,  that  is,  the  batteries  are 
charged  practically  all  the  time  the  train  is  running.  The 
amount  of  charging  current  flowing  varies  with  the  train  speed 
as  shown  on  Plate  XLI  in  the  test  of  that  equipment,  but  the 
average  value  of  charging  current  is  proportional  to  the  average 
train  speed  above  the  critical  speed. 

A  diflerential  wnnding  is  provided  on  many  so-called  constant 
current  regulators,  which  causes  the  generator  to  supply  a  con- 
siderably larger  current  when  all  the  lamps  are  turned  on  than 
when  they  are  all  turned  off.  This  permits  the  battery  to  be 
charged  considerably  during  night  operation  (see  Plates  XXIII 
and  XXXIV)  as  is  the  case  also  with  the  battery  current  regula- 
tion of  the  Bliss  equipment  (see  Plate  XLI). 

This  may  be  said  to  be  a  good  point  in  the  operation  of  these 
equipments,  as  it  provides  that  the  battery  may  recover  quickly 
from  a  serious  discharge  even  while  the  lamps  are  all  turned  on. 

In  fact  in  this  connection  it  is  the  firm  belief  of  the  writer 
that,  where  the  generator  is  of  sufficient  capacity,  this  differ- 
ential winjiing  on  the  constant  current  regulators  should  be  in- 
creased to  such  a  value  that  it  will  maintain  the  battery  charg- 
ing current  practically  constant  throughout  both  day  and  night 
operation.  This,  as  mentioned  above,  would  provide  speedy  re- 
covery of  the  battery  from  any  heavy  discharge  and  would  also 
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render  equipment  more  independent  of  the  variation  between 
winter  and  summer  operation  as  discussed  on  page  117. 

Calculation  op  Regulator  Adjustment. 

In  regard  to  the  calculation  of  the  proper  adjustment  of  the 
regulator,  it  may  be  said  that  no  definite  methods  of  procedure 
can  be  laid  down,  as  it  varies  with  each  type  of  regulation  and 
is  at  best  only  an  approximation,  but  in  general  for  those  reg- 
ulators which  maintain  constant  generator  current  and  have  no 
differential  winding,  the  regulator  should  be  set  so  that  the  ag- 
gregate anipei'o  hour.s  charge  of  the  battery  during  the  day 
time  should  be  about  twice  as  great  as  the  aggregate  battery 
ampere  hours  discharge  at  the  slows  and  stops  during  the  night. 
This  should  be  sufficient  to  care  for  low  battery  efficiency  and 
for  recovery  from  emergency  discharges.  Attention,  however, 
should  be  called  to  the  fact  that  the  batteries  are  discharged  at 
night  not  only  while  the  train  is  stopped  but  all  the  time  it  is 
below  the  critical  speed  of  about  20  miles  per  hour,  and  the 
estimation  of  the  ampere  hours  discharge  must  be  based  on  this 
time.  This  must  be  given  special  attention  when  running  slow 
on  mountain  travel  or  running  through  the  yards  near  a  large- 
city  where  slow  speed  is  necessary. 

In  making  the  calculation  above,  it  must  be  considered 
whether  or  not  the  generator  current  at  the  setting  calculated 
is  larger  than  the  normal  lamp  current  added  to  the  average 
field  current,  and  proper  correction  be  made  for  this  all-night 
charge  or  discharge  as  the  ease  may  be. 

In  making  calculation  of  the  proper  setting  when  a  differ- 
ential winding  is  added  to  the  regulator  the  problem  is  more 
complicated  and  liable  to  error,  but  in  general  the  same  method 
may  be  followed  as  is  mentioned  above  in  connection  with  con- 
stant generator  current  regulators,  except  that  the  difference 
between  the  operation  when  the  lamps  are  all  on  and  are  all  off 
must  be  kept  in  mind.  In  allowing  for  this  difference  in  oper- 
ation it  must  be  remembered  that  the  difference  is  caused  by 
the  lamp  current  flowing  through  the  differential  winding,  so 
that  the  difference  between  the  day  operation  without  the  lamps 

[115] 


116  BULLETIN    OF    THE    UNIVERSITY    OF    WISCONSIN 

on  iuul  the  iiiylit  operaLion  with  all  the  lamps  on  is  constant 
whatever  be  the  regulator  setting.  That  is,  if  the  regulator  is 
set  at  30  amperes  in  da}'  operation  and  40  amperes  with  all 
lights  on,  and  then  the  regulator  be  changed  so  as  to  deliver 
35  amperes  in  the  day  operation,  the  night  operation  will  be 
correspondingly  increased  to  45  amperes,  etc. 

When  making  calculations  for  the  setting  of  regulators  in 
connection  with  Pullman  sleepers  where  about  two-thirds  of  the 
lights  are  turned  ott'  as  the  passengers  retire,  the  calculation  is  still 
more  complex  and  should  be  checked  by  experience  and  trial  on 
the  particular  runs,  as  the  effect  of  the  dift'erential  winding  de- 
creases as  the  lights  are  turned  off  so  that  if  the  regulator  had 
operated  at  35  amperes  during  the  day  and  45  amperes  when 
all  lamps  were  turned  on  it  would  be  operating  at  about  38  am- 
peres when  only  one-third  of  the  lamps  were  lighted;  that  is, 
there  is  a  differential  effect  of  only  one-third  normal. 

The  calculation  for  the  proper  setting  of  a  battery  current 
regulator  of  the  Bliss  type  is  more  simple  and  of  a  smaller 
probable  error.  Since  the  charging  current  is  proportional  to 
the  average  train  speed,  or  more  correctly  is  proportional  to  the 
average  train  speed  above  the  critical  speed,  (see  page  106)  all 
that  is  required  in  setting  this  regulator  is  to  know  the  average 
train  speed  from  the  time  table,  the  total  battery  discharge  in 
ampere  hours  while  the  generator  is  not  operating,  and  the  total 
time  of  generator  operation.  The  regulator  is  then  adjusted, 
when  the  average  train  speed  is  attained,  to  such  a  value  that 
the  then  obtained  current  multiplied  by  the  total  time  that  the 
generator  is  operating  will  give  an  ampere  hour  charge  equal 
to  about  twice  the  total  ampere  hour  discharge.  This  will  ordi- 
narily be  sufficient  to  allow  for  low  battery  efficiency  and  for 
recover}^  from  emergency  discharges.  It  should  be  noted  that 
no  consideration  need  be  given  to  the  number  of  lamps  used 
nor  the  hours  of  lighting,  this  battery  charge  being  independent 
of  the  lamps. 

It  is  readily  apparent  that  the  calculations  given  above  are 
at  best  merely  approximations,  in  that  they  involve  many  as- 
sumptions which  cannot  be  accurately  determined  except  by 
special  tests.  It  is  easy  to  adjust  an  equipment  so  that  it  gives 
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sufficient  charge  to  the  batter>-,  for  if  it  does  not,  the  fact  is 
immediately  indicated  by  failure  of  the  light,  but  on  the  other 
hand  to  prevent  an  excessive  overcharge  is  a  more  difficult  mat- 
ter as  the  battery  may  be  practically  ruined  before  the  effect 
will  be  especially  noticeable  unless  the  battery  is  under  careful 
supervision  at  the  ends  of  the  run. 

This  excessive  overcharge  can,  however,  be  easily  detected 
and  remedied  by  placing  a  testing  wattmeter  in  the  battery 
circuit  for  at  least  one  round  trip  of  the  car.  This  will  run, 
say  forward  on  charge  and  backward  on  discharge,  so  that  the 
difference  in  the  reading  before  and  after  will  represent  the 
overcharge.  Not  exactly  so,  however,  for  it  must  be  remembered 
that  the  meter  will  measure  watts  charge  and  watts  discharge, 
and  that  a  proper  charge  must  be  considerably  in  excess  of  the 
discharge,  especially  where  both  are  measured  in  watts.  Then 
for  proper  operation  of  the  equipment  this  apparent  overcharge, 
as  ihdicated  by  the  meter,  should  be  about  equal  to  the  total 
amount  discharged  from  the  batteries  in  lighting  the  lights 
when  the  generator  is  not  operating.  This  can  be  readily  esti- 
mated from  the  discharge  at  stations.  Any  railway  company 
operating  axle  equipments  sliould  pureliase  at  least  one  record- 
ing wattmeter  of  a  good  standard  make  which  is  of  sufficiently 
robust  construction  to  withstand  the  severe  service  and  should 
use  it  for  testing  in  the  manner  just  suggested.  This  will  pro- 
vide an  easy  and  accurate  method  of  determining  the  opera- 
tion of  an  axle  equipment. 

In  regard  to  the  variation  of  the  regulator  adjustment 
throughout  different  times  of  the  year,  attention  should  be  called 
to  Plate  XLIII.  The  cross  lined  portion  indicates  the  hours  in 
which  the  lamps  are  lighted  throughout  the  year.  It  is  noted  that 
the  hours  of  lighting  are  assumed  as  falling  within  one  hour 
before  sunset  and  one  hour  after  sunrise,  this  being  about  thft 
average  time  as  found  in  the  pursuit  of  these  tests. 

It  is  noted  that  the  variation  is  from  10  hours  in  June  to  17 
hours  in  January.  This  represents  an  increase  of  about  70% 
in  the  total  hours  of  lighting  in  January-  over  those  for  June. 

In  regard  to  the  resetting  of  the  regulator  to  compensate  for 
this  variation,  it  may  be  said  that  the  necessary  variation  in 
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Plate  XLIII. — Cubves  Showing  Houbs  of  Lighting. 
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regulator  setting  is  of  no  such  magnitude  as  10%  except  in 
special  eases,  but  is  nevertheless  of  sufficient  value  to  warrant 
consideration. 

For  constant  generator  current  regulators  which  have  no 
differential  winding,  it  is  readily  seen  that  the  increased  total 
hours  of  lighting  will  affect  the  operation  in  two  ways;  it  will 
increase  the  probable  battery  discharge  at  stops,  and  will  de- 
crease the  total  hours  of  charging  the  battery  during  the  day. 
The  former  may  be  assumed  as  directly  proportional  to  the  70% 
increase  in  hours  of  lighting,  while  the  latter  will  be  propor- 
tional to  the  decrease  in  available  hours  for  charging  the  bat- 
teries which  is  seen  to  be  seven  hours  or  about  50%  of  the  total 
hours  available  for  charging  outside  of  lighting  hours  during 
Jime.  These  combined  would  require  an  increase  to  41/2  times 
the  normal  rate  of  charge,  or  a  350%  increase,  if  all  the  charge 
were  to  be  done  during  the  seven  hours  daylight  run  in  Janu- 
ary, but  as  this  increase  in  setting  will  be  effective  throughout 
twenty-four  hours,  instead  of  only  seven  hours  upon  which  that 
figure  is  based,  the  necessary  increase  in  the  average  charging 
current  will  be  only  100%. 

It  has  been  found  in  pursuit  of  the  tests  that  the  battery 
charge  generally  comprised  about  14  'of  the  total  output  of  the 
generator,  so  that  reducing  the  calculation  to  a  basis  of  gen- 
erator current,  it  is  found  that :  For  all  constant  current  reg- 
ulators operating  on  trains  having  a  24  hour  run  or  over,  the 
regulator  adjustment  should  be  increased  approximately  25% 
for  operation  in  January'  over  that  for  operation  in  June. 

For  regulators  operating  on  principles  of  battery  current 
cunirol  the  situation  is  somewhat  different.  As  previously  in- 
dicated, the  charging  of  the  storage  battery  takes  place  all  the 
time  the  train  is  above  critical  speed  and  is  independent  of  the 
lamps.  Now  again,  assuming  the  car  is  operated  on  a  24  hour 
run,  the  increase  of  70%  in  the  hours  of  lighting  during  the 
winter  months  will  only  affect  the  battery  discharge  and  will 
not  affect  the  charge,  so  that  the  readjustment  of  the  regulator 
need  be  only  sucli  as  will  compensate  for  the  increased  dis- 
charge. However,  inasmuch  as  the  battery  current  comprises 
the  total  regulator  cun-ent.  this  increase  of  70%  in  the  battery 
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clisi-lijirizf  iiiiisi  he  (•(niipciisaled  for  by  a  direct  increase  of  70% 
ill  the  rciiiilator  .setting-.  This,  however,  gives  a  wrong  impres- 
sion in  that  apparently  the  necessary  variation  of  adjustment 
is  much  greater  than  the  25%  found  in  the  case  of  the  constant 
cum  lit  r(\unl;itors.  l)iit  inasinueh  as  the  regulator  current  com- 
prises the  wiiole  generator  current  in  the  case  of  a  constant 
current  reguLator,  the  25%  variation  will  represent  a  greater 
ampere  variation  than  the  7(>7^  variation  of  the  battery  cur- 
rent regulator.  The  necessary  variation  in  the  two  different 
systems  expressed  as  a  ratio  in  amperes  would  be  approximately 
9  amperes  in  the  former  and  5  in  the  latter. 

The  voltage  control  machine  would,  of  course,  require  no  re- 
adjustment other  than  to  provide  for  the  variation  in  a  charg- 
ing voltage  due  to  the  low  temperature  in  the  winter  months. 

In  regard  to  the  variation  in  regulator  settings  mentioned 
above,  adjustment  should  be  made  perhaps  four  times  a  year, 
preferably  March  1st,  May  1st,'  Aug.  1st  and  Nov.  1st.  This  is 
allowing  a  probable  error  of  2  or  3  amperes  in  the  adjustment, 
which  is  possibly  too  great  for  good  practice,  but  is,  however, 
unavoidable,  due  to  the  uncertainties  of  operation. 

In  the  foregoing,  consideration  has  been  taken  only  of  those 
equipments  operating  on  a  24  hour  run  or  over.  In  regard  to 
the  equipment  on  short  runs  of  which  the  dining  car  "Hanni- 
bal," (page  89  and  Plate  XLIII)  is  an  example,  the  variation  is 
much  greater  and  at  the  same  time  more  uncertain.  It  has 
been  computed  on  page  93  that  during  the  summer  months 
this  regulator  should  be  set  at  86  amperes,  while  during  the 
winter  months  this  should  be  increased  to  160  amperes,  repre- 
senting an  increase  during  Januarys  of  87%  over  the  operation 
during  June. 

This  should  be  .sufficient  to  emphasize  the  necessity  of  proper 
attention  to  these  short  run  equipments.  The  regulator  on  the 
ear  in  question  might  well  be  adjusted  as  often  as  once  in  two 
weelvs.  and  even  that  would  allow  a  probable  error  as  great  as  4 
amperes  in  the  adjustment  at  certain  times. 

(h)  Lamp  Voltage  Regulation. — Before  beginning  the  dis- 
cussion of  lamp  voltage  regulation  it  is  important  that  the  un- 
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derlying  principles  wliieh  make  such  reflation  necessary  be 
well  understood. 

Plate  XLIV,  taken  from  Lyndon's  ^76»ra(/e  i?(d^er(/,  repr&sents 
the  voltage  variation  of  a  storage  battery  while  being  charged 
and  discharged  at  the  normal  rate.  It  is  noted  that  the  charg- 
ing voltage  is  considerably  in  excess  of  the  discharge  voltage 
and  that  the  curves  are  approximately  parallel  between  (a)  and 
(b).  As  the  charge  is  continued,  however,  the  charging  volt- 
age finally  rises  rather  abruptly  to  a  voltage  at  which  it  will 
remain  so  long  as  the  act  of  charging  is  continued,  this  point 
indicating  that  the  battery  has  been  fully  charged. 

In  the  operation  of  axle  equipments  it  may  be  said  that  the 
battery  voltage  when  the  lamps  are  turned  on,  oscillates  back 
and  forth  between  these  two  curves,  lying  on  the  discharge  curve 
i'or  a  few  minutes  while  at  stations  and  on  the  charging  curve 
Mhile  running  between  stations.  Inasmuch  as  the  lamps  are  to 
be  operated  in  ptirallel  with  tlie  battery,  it  is  evident  that  the 
oscillation  back  and  forth  between  the  two  curves  must  be 
compensated  for  if  constant  voltage  is  maintained  at  the  lamps, 
so  that  the  lamp  voltage  will  practically  follow  the  lower  of  the 
two  curves,  as  is  the  case  in  most  of  the  lamp  regulators.  It 
is  noted,  however,  that  this  curve  of  discharge  voltage  which 
may  be  considered  as  the  point  of  reference  in  most  equip- 
ments, is  itself  not  constant  but  varies  considerably  throughout 
the  battery  capacity,  and  it  is  this  feature  that  is  the  neglected 
consideration   in   most  lamp   voltage  regulators. 

It  must  be  made  clear,  however,  that  under  ordinary  cir- 
cumstances with  proper  adjustment  of  the  regulator,  the  bat- 
tery does  not  become  fully  charged  during  the  night,  but  rather 
operates  over  a  range  well  witliin  limits,  so  that  the  curve  of 
reference  mentioned  may  vai-y  only  slightly.  There  are,  how- 
ever, many  cases,  especially  on  Pullman  sleepers,  where 
the  battery  does  become  fully  charged  during  the  night,  at 
which  time  the  charging  voltage  is  maintained  at  maximum 
value.  At  this  time  the  "night  circuit"  of  lamps  is  severely 
strained  as  inrlicnted  on  Plate  XXVII,  page  76.  This  point 
is  discussed  lat(>r  in  the  ehapter  in  connection  with  the  ju-oper 
regulators. 
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The  oscillation  of  battery  voltage  as  mentioned  above  makes 
it  necessary  to  insert  some  kind  of  voltage  drop  in  the  lamp  cir- 
cuit when  charging  takes  place,  in  order  to  compensate  for  this 
rise  in  voltage  and  to  maintain  constant  lamp  voltage.  In  the 
modern  American  equipment  this  is  accomplished  in  four  dif- 
ferent ways: 

1.  By  inserting  a  certain  definite  resistance  in  the  lamp  cir- 
cuit when  the  generator  first  begins  to  operate. 

2.  By  inserting  a  resistance  in  the  lamp  circuit,  the  value  of 
which  depends  upon  the  number  of  lamps  in  use. 

3.  By  automatically  inserting  a  variable  counter-electro-motive 
force  in  the  lamp  circuit. 

4.  By  automatically  inserting  a  variable  resistance  in  the 
lamp  circuit  controlled  by  a  special  regulator. 

(a)  The  first  case  of  inserting  a  certain  definite  resistance 
into  the  lamp  circuit  is  employed  on  numerous  equipments, 
among  which  are  the  old  type  Consolidated  oqiiii)iiients  and  the 
United  States  equipments.  It  consists  in  sinii)ly  inserting  this 
resistance  when  the  generator  begins  to  operate.  This  is  ac- 
complished in  various  ways  as  described  in  connection  with  those 
equipments  and  will  not  be  considered  further.  In  discussion 
of  the  operation  of  this  arrangement  it  should  be  noted  that 
this  resistance  is  designed  to  compensate  for  the  difference  be- 
tween the  charge  and  discharge  curves  as  shown  on  Plate  XLIV, 
but  it  should  be  also  noted  that  there  must  be  normal  full  load 
lamp  current  flowing  to  produce  the  desired  drop. 

It  may  be  said  that  under  the  conditions  for  which  this  is 
designed  it  may  be  made  to  give  satisfactory  regulation,  but  for 
the  variable  conditions  as  commonly  met  with  in  actual  service 
it  is  not  entirely  satisfactory.  For  instance,  as  part  of  the  lamps 
are  turned  off,  the  IR  drop  in  the  resistance  will  decrease  pro- 
portionally, so  that  the  lamp  voltage  will  more  nearly  follow  the 
battery  voltage.  At  this  time,  with  constant  current  regulators, 
the  battery  charging  current  will  increase  and  accordingly  the 
battery  charging  voltage  will  be  increased  so  that  the  increase  in 
lamp  voltage  will  multiply  as  tlie  lights  are  turned  off.  This 
type  of  lamp  regulation  will  not.  of  course,  compensate  for  the 
rise  in  voltage  due  to  increased  bittery  charge  mentioned  above, 
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and  the  lamp  voltage  may  be  said  to  depend  upon  the  number 
of  lamps  in  use  and  the  condition  of  battery  charge. 

(b)  The  second  class,  a  modification  of  the  above,  is  that  used 
on  the  Newbold  equipment  and  consists  in  connecting  separate 
portions  of  the  lamp  circuit  rheostat  to  the  switches  of  the 
various  lamp  circuits,  so  that  as  each  lamp  circuit  is  turned 
on,  a  portion  of  the  total  lamp  resistance  will  be  short  circuited, 
and,  as  the  lamps  are  turned  off,  the  total  lamp  resistance  will 
be  increased  so  that  with  a  proper  proportioning  of  parts  the 
IE.  drop  of  the  lamp  rheostat  may  be  said  to  be  independent 
of  the  number  of  lamps  in  use.  The  Newbold  regulator  does 
not,  however,  compensate  for  the  rise  in  battery  voltage  due  to 
the  battery  becoming  more  fully  charged.  In  fact,  when  part 
of  the  lamps  are  turned  off,  the  battery  will  charge  more  rap- 
idly, and  though  the  IR  drop  in  the  lamp  rheostat  is  inde- 
pendent of  the  number  of  lamps  in  use,  the  total  regulation 
cannot  be  said  to  be  independent  of  the  number  of  lamps  in 
use.  In  fact,  this  rise  in  battery  voltage  as  represented  by 
the  upper  part  of  the  curves  of  Plate  XLIY.  may  be  such  as  in 
some  cases  to  obliterate  entirely  the  good  offices  of  the  variable 
rheostat. 

This  principle  of  making  the  lamp  circuit  rheostat  var\"  with 
the  lamps  in  use  does  not  add  any  serious  complication  to  the 
operation  of  the  equipment,  and  the  advantages  gained  un- 
doubtedly warrant  its  use. 

(c)  Another  type  of  lamp  regulator  is  that  described  on 
page  98,  as  used  on  the  Bliss  equipment.  It  consists  essen- 
tially in  placing  a  comiter-electro-motive  force  in  the  lamp  cir- 
cuit to  compensate  for  the  rise  in  battery  voltage.  The  value  of 
this  counter-electro-motive  force,  as  previously  described  in  con- 
nection with  the  Bliss  equipment,  is  directly  proportional  to 
the  rise  of  battery  voltage  and  it  therefore  regulates  accurately 
in  this  respect. 

Inasmuch  as  a  variable  counter-electro-motive  force  devel- 
oped in  a  low  resistance  armature  is  employed  instead  of  a 
rheostat,  the  lamp  regulation  will  be  independent  of  the  num- 
ber of  lamps  in  use.  The  regulator  does  not,  however,  compen- 
sate for  the  rise  in  battery  voltage  due  to  a  more  fully  charged 
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condition  of  the  battery,  but  as  above  mentioned,  under  ordi- 
nary conditions  the  battery  is  operated  well  within  limits, 
so  that  the  excess  voltage  of  overcharge  is  not  often  attained. 

The  point,  however,  is  maintained  in  regard  to  all  three 
types  of  regulators  thus  far  mentioned,  that,  in  case  the  bat- 
tery does  become  fully  charged  while  the  lamps  are  burning; 
the  lamp  voltage  will  rise  directly  with  the  battery  voltage  rep- 
resented by  the  upper  curve  on  Plate  XLIV.  This  is  sufficient  to 
indicate  the  necessity  of  caution  in  setting  the  generator  con- 
trol so  that  the  battery  will  not  become  fully  charged  at  night. 

(d)  The  last  of  the  four  types  of  lamp  regulators  mentioned 
above  is  the  one  manufactured  by  the  Consolidated  Axle  Equip- 
ment Co.,  described  on  page  58. 

It  consists  essentially  of  inserting  a  variable  rheostat  in  the 
lamp  circuit  which  is  controlled  by  a  special  solenoid  regulator 
and  is  operated  by  an  auxiliary  motor  as  described  in  the  above 
reference.  It  is  readily  seen  that,  inasmuch  as  this  regulator 
is  controlled  by  an  independent  solenoid,  it  will,  if  properly 
adjusted,  be  entirely  independent  of  the  number  of  lamps  in 
use  or  condition  of  the  battery  charge,  and  will  be  limited  in 
its  accuracy  of  regulation  only  by  the  probable  error  in  the 
controlling  solenoid. 

(c)  Generator  Drive. — All  the  methods  used  in  driving  the 
generator  from  the  car  axle  may  be  divided  into  three  classes: 

1.  Belt  Drive. 

2.  Gear  Drive. 

3.  Friction  Drive. 

The  first  mentioned  type,  that  of  the  belt  drive,  is  the  most 
commonly  used  and  apparently  the  most  successful.  It  has  the 
advantage  of  simplicity,  and  is  readily  accessible  in  ease  of  re- 
pairs. Failure  of  the  drive  due  to  the  loss  of  the  belt  may  be 
remedied  in  a  few  minutes.  It  forms  a  flexible  connection  so 
tliat  the  blows  and  shocks  of  the  car  axle  are  not  transmitted  to 
the  generator. 

The  gear  drive  contains  complications  which  render  it  more 
inaccessible  and  difficult  to  repair.  Such  an  equipment  has 
been  described  in  connection  with  the  test  of  the  Bliss  Axle 
Equipment,  so  the  details  of  construction  will  not  be  repeated. 
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It  may  be  said,  however,  that  this  kind  of  a  drive  has  an 
advantage  over  belt  drives  under  certain  extreme  conditions 
where  the  under  rigging  becomes  covered  with  ice,  but  as  this 
condition  is  seldom  met  with  on  most  railways  it  may  be  dis- 
regarded in  most  cases,  and  the  mechanical  disadvantages  seem 
to  outweigh  any  advantages. 

In  regard  to  the  power  absorbed  by  the  gear  drive  tested,  it 
was  found  to  be  about  25%  of  the  total  generator  output  when 
all  the  lamps  were  turned  on.  This  is  considerably  higher 
than  that  generally  experienced  under  similar  conditions  of 
load  with  a  belt  drive  which  has  in  these  tests  been  assumed  as 
3%.  This  assumed  belt  loss  may  be  somewhat  low  but  was 
considered  as  a  fair  approximation  of  the  real  conditions. 

The  friction  drive  is  the  least  used  of  any  of  the  drives.  At 
an  early  date  in  his  development  work,  Mr.  W.  L.  Bliss  devised 
and  patented  such  system  for  use  in  connection  with  single 
lighting  equipment  and  the  same  system  with  modifications  is 
now  under  consideration  by  the  Bliss  Co. 

{d)  Protection  of  the  Storage  Battery  from  Excessive  Over- 
charge.— As  pointed  out  in  this  discussion,  it  is  inherent  in 
the  operation  of  all  current  regulators  to  overcharge  the  bat- 
tery to  a  greater  or  less  degree,  depending  upon  the  error  in 
setting  the  regulator,  and  as  the  resultant  high  battery  depre- 
ciation is  a  prominent  factor  in  the  cost  of  "axle  lighting,"  a 
consideration  of  methods  of  reducing  this  depreciation  is  at 
once  interesting  and  instructive. 

Prevention  of  this  overcharge  of  the  battery  can  best  be  ef- 
fected by  rendering  the  generator  inoperative  after  the  battery 
has  become  fully  charged  and  maintained  so  whether  at  high 
or  low  speeds  until  the  battery  requires  replenishing.  Ob- 
viously this  point  at  which  the  battery  does  become  fully 
charged  is  of  vital  importance  in  this  consideration  and  be- 
cause of  the  peculiarly  variable  nature  of  a  storage  cell,  the 
accurate  determination  of  this  point  by  automatic  apparatus 
presents  a  problem  of  considerable  difficulty. 

Mr.  W.  L.  Bliss  has  designed  such  an  apparatus  which  de- 
pends for  its  operation  upon  the  rise  in  voltage  of  a  battery  as 
it  becomes  charged.     A  solenoid  of  fine  wire  is  placed  across  the 
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terminals  of  the  generator  and  when  the  automatic  switch  is 
closed  the  solenoid  is  also  across  the  battery  terminals.  As  the 
battery  becomes  fully  charged  its  voltage  will  rise  to  such  a 
value  as  will  trip  the  solenoid  plunger  which  opens  the  field  cir- 
cuit of  the  generator.  This  would  of  course  reduce  the  gen- 
erator voltage  to  zero  and  open  the  automatic  switch,  but  such 
result  would  release  the  solenoid  i)lunger  which  would  fall  and 
again  re-establish  the  generator  field  and  repeat  the  cycle  of 
operations.  "What  is  wanted  is  to  kill  the  generator  to  a  point 
so  low  that  the  automatic  switcli  will  open  and  remain  open,  but 
it  is  not  desired  to  kill  the  generator  completely  as  some  voltage 
is  required  to  maintain  the  solenoid  plunger  in  its  drawn  posi- 
tion. Accordingly,  as  soon  as  the  shunt  field  circuit  is  opened, 
a  stable,  though  weak  field  is  reestablished  from  the  battery  and 
so  a  low  generator  voltage  is  maintained.  This,  however,  even 
at  the  high  speeds,  is  not  of  a  value  sufficient  to  close  the  auto- 
matic switch.  When  the  train  stops,  the  solenoid  will  be  no 
longer  energized  and  so  will  allow  the  plunger  to  fall,  reestab- 
lishing the  generator  shunt  field  circuit.  If  no  current  has 
been  taken  from  the  battery  since  the  time  the  cut-off  operated, 
the  cut-off  will  operate  again  very  shortly  after  the  generator 
becomes  operative.  If,  however,  current  has  been  taken  from 
the  battery  in  the  meantime,  the  generator  will  continue  to 
operate  until  it  has  replaced  this  and  until  the  batter}^  again 
becomes  fully  charged,  when  the  cut-off  will  again  operate. 

One  car  on  the  Pennsylvania  railroad  has  been  equipped 
with  this  controlling  device,  but  as  yet  no  definite  information 
can  be  obtained  in  regard  to  its  operation. 

A  controller,  differing  radically  from  that  above,  has  recently 
been  developed  by  the  writer.  It  consists  essentially  of  a  con- 
trolling wattmeter  which  registers  charge  and  discharge  of  the 
battery,  rotating  in  one  direction  on  charge  and  in  the  reverse  di- 
rection on  discharge. 

This  wattmeter,  through  a  set  of  reducing  gears,  operates  the 
dial  pointer  E  (see  Plate  XLV),  turning  it  in  a  clock-wise  direc- 
tion on  discharge,  and  in  the  reverse  direction  on  charge.  The 
reducing  gears  are  so  proportioned  that  one  complete  charge  or 
discharge  of  the  battery  will  turn  the  dial  pointer  E  through 
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Plate  XLV. — Wattmeter  Contbol  of  Batteby  Charge. 
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slightly  less  than  one  revolution.  The  position  of  the  dial  also 
indicates  the  condition  of  the  battery,  it  being  in  a  position  E^ 
when  the  battery  is  completely  discharged  and  as  the  battery 
becomes  nearly  charged  may  take  a  position  at  E.  As  the 
charge  is  continued  to  completion  the  pointer  will  be  slowly 
moved  toward  the  point  F.  Then  when  the  battery  is  fully 
charged  the  pointer  E  will  make  contact  with'lhe  contact 
point  F. 

This  contact  will  complete  the  circuit  through  the  coil  G  of 
the  circuit  breaker  and  trip  the  circuit  breaker,  causing  the  arm 
J  to  assume  a  position  J\  In  doing  this  it  automatically  and 
slowly  inserts  the  resistance  L  into  the  generator  field  circuit. 
This  causes  the  generator  voltage  to  fall  below  that  of  the  bat- 
tery and  opens  the  automatic  switch  in  the  ordinary  way.  A 
glycerine  check  K  is  supplied  which  causes  the  arm  J  to  move 
very  slowly,  thus  insuring  against  a  disadvantageous  dis- 
charge upon  opening  or  closing  the  generator  field  circuit.  The 
whole  equipment  will  now  be  inoperative  all  the  rest  of  the 
day  till  the  lights  are  turned  on  at  night.  In  turning  on  the 
lights  the  porter  pulls  down  the  arm  J,  which  also  serves  as  a 
main  switch  in  the  lighting  circuits,  and  restores  normal  oper- 
ation of  the  equipment.  It  is  impossible  for  the  porter  to  ob- 
tain any  light  until  he  does  pull  down  this  arm  J,  so  this  part 
of  the  operation  is  entirely  reliable. 

The  lamp  current  flowing  through  the  differential  coil  H  pre- 
vents the    circuit    breaker    from    opening    when  the  lamps  are 
turned  on  even  though  contact  be  made  at  the  point  EF,  so  that 
the  night  operation  of  the  equipment  is  in  no  way  interfered 
with  even  though  a  charged  condition  of  the  batter}'  maintains. 
In  providing  for  low  battery  efficiency  a  differential  winding 
A  of  the  wattmeter  fields  is  placed  across  the   generator  ter- 
minals, so  that  when  the  generator  is  operating  and  the  battery 
is  being  charged  the  magnetic  field  within  the  wattmeter  is  of 
less  intensity  than  when  the  generator  is  not  operating  and  the 
coils  B  only  are  effective.     This  causes  the  meter  to  run  slower 
on  charge  for  an   equal  power  consideration,   the   increase   in 
}    speed  being  easily  adjusted  to  care  for  any  predetermined  bat- 
j    tery  efficiency  recommended  by  the  manufacturers. 
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DISCUSSION 

As  mentioned  above,  the  problem  of  automatically  controlling 
the  charge  of  a  storage  battery  is  a  rather  difficult  one  because 
of  the  peculiarly  variable  nature  of  the  storage  ceil.  There 
are  a  number  of  factors  which  alter  the  operation  of  a  battery 
very  materially  and  in  fact  it  may  be  said  that  there  is  no  func- 
tion in  the  operation  of  a  battery  which  is  definite  or  even  re- 
liable where  any  degree  of  accuracy  is  desired. 

In  the  first  method  of  control  mentioned,  it  is  assumed  that 
when  a  battery  becomes  fully  charged,  its  voltage  rises  to  some 
definite  value  at  which  point  the  controlling  solenoid  will  oper- 
ate. This,  however,  is  not  in  accordance  with  the  actual  con- 
ditions of  battery  operation,  for  it  cannot  be  said  that  a  battery 
rises  to  any  certain  voltage  when  it  becomes  fully  charged;  this 
voltage  at  overcharge  is  dependent  upon  several  factors,  chief 
among  ^^•llich  is  the  rate  of  charge,  but  even  assuming  that  as 
normal  there  are  other  factors  which  very  materially  affect  it. 
Variations  in  temperature  and  density  of  the  electrolyte,  and 
age  of  the  elements,  are  factors  which  change  the  voltage  at 
overcharge  very  considerably,  so  that  instead  of  considering  the 
voltage  at  overcharge  as  2.6  volts  per  cell,  with  normal  charging 
current  flo"\nng.  we  must  consider  it  as  varying  from  2.5  to  2.65 
volts  per  cell,  depending  upon  the  temperature  and  density  of 
the  electrolyte  and  age  of  the  elements.  Accordingly,  any  de- 
vice depending  upon  this  voltage  for  its  operation,  even  though 
that  apparatus  itself  be  very  sensitive  and  reliable,  cannot  oper- 
ate with  more  than  temporary  success. 

The  second  mentioned  controller  is  based  on  a  watt  hour  prin- 
ciple and  depends,  for  its  accurate  operation,  upon  the  assump- 
tion of  a  certain  efficiency  of  operation  of  the  battery. 
.  This  e|C]j3Jepey  of  operation,  however,  is  not  a  definite  value 
but  is  dependent  upon  several  variable  factors.  It  depends 
primarily  upon  the  charge  and  .discharge  rates,  and  upon  the 
charge  and  discharge  intervals;  that  is,  whether  the  battery  is 
alternately  on  charge  and  discharge  in  rapid  succession  as  in  a 
floating  battery,  oj  whether  it  be  completely  charged  and  dis- 
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charged  over  the  entire  range  of  its  capacity.  It  is  also  some- 
what affected  by  changes  in  temperature  and  density  of  the 
electrolyte,  but  these,  however,  only  in  so  far  as  they  affect  the 
battery  voltage. 

In  a  comparison  of  these  two  methods  of  control  it  is  readily 
apparent  that  neither  one  is  exact  or  accurate  because  of  the 
uncertainty  of  battery  operation,  but  it  must  be  said  that  while 
in  the  first  controller  mentioned,  this  inaccuracy  may  cause  a 
complete  failure  in  the  operation  of  the  device,  for  the  voltage 
of  the  battery  may  never  rise  to  that  assumed  value  even  though 
the  battery  is  being  overcharged,  or  on  the  other  hand,  it  may 
rise  to  the  assumed  value  before  completion  of  charge,  this  is  not 
so  in  the  case  of  the  second  controller,  for  the  probable  error  in 
adjustment  may  be  easily  compensated  for  by  assuming  the  bat- 
tery efficiency  a  trifle  low  and  allowing  a  slight  overcharge  to 
occur.     The.  control,  however,  is  absolute  and  positive. 

As  far  as  the  mechanical  design  and  operation  of  the  two  de- 
vices are  concerned,  it  may  be  said  that  they  are  both  simple 
and  reliable.  It  might  seem  as  if  a  wattmeter  were  too  delicate 
an  instrument  for  this  service,  but  it  is  to  be  noted  that  there 
are  on  the  market  at  present,  wattmeters  of  the  mercury  type 
which  are  of  especially  robust  construction  and  which  have 
given  satisfactory  service  on  electric  railway  cars. 

In  regard  to  the  economic  value  of  some  such  a  protective 
device,  attention  should  be  called  to  the  facts  that  no  advantage 
comes  from  the  power  put  into  a  battery  after  it  has  reached 
the  fuUy  charged  condition,  but  that  all  such  power  is  wasted, 
and  that  the  depreciation  of  a  storage  battery  in  axle  service 
is  from  30  per  cent,  to  80  per  cent,  annually,  depending  upon 
the  error  of  adjustment  of  the  regulator.  These  facts  are  gen- 
erally lost  sight  of  by  railroad  electricians,  who  are  satisfied  if 
the  batterv'  is  fully  charged  when  it  is  needed,  and  who  are 
content  to  include  this  high  battery  depreciation  factor  in  that 
of  the  equipment  as  a  whole,  and  consider  this  the  price  which 
they  must  pay  for  electric  lighting.  By  the  proper  operation 
of  a  controlling  device  as  described  above,  this  batters-  depre- 
ciation could  be  reduced  to  15  per  cent,  or  20  per  cent,  annually, 
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thus  effecting  a  saving  which  would  in  one  year  pay  for  such  a 
device  many  times  over,  besides  which,  considerable  saving  of 
power  would  be  effected. 

Such  a  protective  device  would  also  render  the  operation  of 
the  axle  equipment  more  reliable  and  satisfactory,  for  the  regu- 
lator could  then  be  set  verv-  high  without  fear  of  overcharging 
the  batteiy  and  this  would  provide  a  speedy  recovery  of  the 
battery  in  case  it  had  become  exhausted  while  in  the  station.  In 
fact,  it  may  be  said  that  on  many  miscellaneous  cars  where  it 
is  impossible  to  determine  the  proper  setting  of  the  regulator, 
the  use  of  some  such  a  protective  device  is  substantially  essen- 
tial to  the  continued  successful  operation  of  the  equipment. 
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CHAPTER  V 


STORAGE  BATTERIES  AS  APPLIED  TO  RAILWAY 
TRAIN  LIGHTING 

The  storage  battery  has  a  very  important  function  in  the 
operation  of  electric  lighting  equipment  on  railway  trains  when 
acting  either  as  an  auxiliary  to  steam  or  axle  driven  generators 
or  as  the  sole  source  of  power  as  in  straight  storage  equipments 
and  devices.  The  storage  battery  is  an  expensive  and  delicate 
part  of  such  an  equipment  and  the  cells  require  careful  atten- 
tion in  order  to  secure  satisfactory  operation  and  to  prevent 
rapid  deterioration  of  the  plates. 

General,  Nature  of  the  Storage  Cell 

The  active  constituents  of  a  fully  charged  cell  of  the  lead — 
load  type  consist  of  peroxide  of  lead  at  the  i)Ositive  platos, 
spongy-  lead  at  the  negative  plates,  and  the  electrolyte  (a  solu- 
tion of  sulphuric  acid  in  water).  During  the  discharge  of  the 
cell,  the  action  is  to  convert  both  sets  of  plates,  or  electrodes 
as  they  are  frequently  called,  into  a  soluble  form  of  lead  sul- 
phate. During  discharge  the  acid  combines  with  the  active  por- 
tions of  both  plates  forming  this  lead  sulphate,  which  action 
changes  the  specific  gravity  of  the  electrolyte  by  removing  a 
portion  of  the  acid.  During  charging  process  these  actions  are 
reversed ;  the  sulphate  on  the  negative  plate  is  reduced  to  spongy 
metallic  lead,  and  that  on  the  positive  plate  is  oxidized  to  perox- 
ide of  lead. 

It  is  to  be  noted  that  the  sulphate  of  lead  formed  during  the 
discliarge  of  a  cell  is  entirely  different  in  its  beha^^o^  from  the 
white,  hard,  insoluble  form  which  makes  its  appearance  when  a 
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cell  is  carelessly  managed  and  to  which  reference  is  hereinafter 
made. 

The  electrolyte  is  dilute  sulphuric  acid  and  may  be  prepared 
by  diluting  a  suitable  quantity  of  sulphuric  acid  with  pure 
water.  It  is  essential  that  both  acid  and  water  be  free  from 
impurities.  Some  impurities  such  as  platinum,  iron,  copper, 
and  many  other  metals  even  in  minute  quantities  tend  to  cause 
self-discharge  through  local  action,  and  lower  the  efficiency  of 
the  battery.  Other  impurities  such  as  hydrochloric,  nitric,  and 
other  acid.s  tend  to  attack  and  to  corrode  the  lead  frame  work 
which  supports  the  active  materials.  It  is,  therefore,  ordinarily 
recommended  that  all  acid  be  purchased  from  the  manufacturer 
of  the  battery.  Any  material  obtained  from  other  sources 
should  be  carefully  tested  before  using.  The  purity  of  the 
water  used  for  "flushing"  the  cells  should  also  be  carefully 
determined. 

In  this  connection  it  is  to  be  remembered  that  iron  frame 
work  or  copper  connections  are  attacked  by  the  acid  fumes, 
forming  salts  highly  injurious  to  the  cell  if  allowed  to  get  into 
the  electrolyte.  All  such  connections  to  the  frame  work  should 
be  protected  by  reliable  paint  or  varnish  and  should  be  washed 
occasionally. 

The  electrolyte  used  in  storage  cells  has  a  specific  gravity  of 
about  1.2  and  may  be  prepared  by  mixing  one  part  by  volume 
of  sulphuric  acid  (1.84  Spec.  Grav.)  with  five  parts  of  water. 
The  acid  should  be  poured  into  the  water,  never  the  water  into 
the  acid.  The  acid  must  be  poured  into  the  water  slowly  and 
with  caution  to  avoid  a  violent  boiling  and  sputtering ;  this  boil- 
ing hot  acid  will  cause  very  painful  and  dangerous  burns.  The 
specific  gravity  should  be  determined  only  when  the  mixture  is 
fully  cooled.  The  prescriptions  given  by  the  manufacturers  of 
storage  cells  of  the  proper  acid  gravity  to  be  used  in  their  cells 
vary  somewhat,  and  the  solution  should  be  finally  adjusted  to 
the  prescribed  value  by  addition  of  acid  or  water. 

Flushing  Cells. — ^Due  to  the  decomposition  of  the  electrolyte 
and  ordinary  evaporation  the  water  in  the  electrolyte  is  con- 
stantly depleted  and  must  be  replaced  by  fresh  pure  water,  not 
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acid.  This  in  ordinary  railroad  work  should  be  done  every 
two  weeks  at  least  and  in  certain  cases  of  overcharged  batteries 
should  receive  more  frequent  attention. 

On  account  of  the  loss  of  acid  by  the  spraying  which  occurs 
at  the  end  of  the  process  of  charging,  and  absorption  of  acid  by 
the  sediment,  a  gradual  lowering  of  the  acid  gravity  will  occur. 
When  on  account  of  the  above  causes  the  acid  density  at  the  end 
of  a  full  charge  and  at  normal  temperature  has  fallen  15  points 
(.015  in  the  gravity  scale)  below  that  normal  value  prescribed 
by  the  makers  it  should  be  brought  up  by  the  addition  of  acid. 

Acid  should  never  under  any  circumstances  be  added  to  a 
cell  in  which  short  circuits,  high  teniperature,  or  partial  charge 
may  account  for  low  gravity. 

Operation  of  Batteries 

CJiargtJKj. ^The  battery  should  preferably  be  charged  at  the 
normal  rate  prescribed  by  the  maker.  It  is  important  that  it 
should  be  given  the  proper  amount  of  charge,  and  once  a  week 
a  half  hour's  overcharge,  using  the  normal  current  for  charging, 
but  excessive  overcharging  should  be  avoided  as  it  will  not  only 
cause  a  rapid  loss  of  electrolyte  but  will  boil  out  tne  active  ma- 
terial from  the  plates,  thus  greatly  reducing  their  capacity  and 
life. 

The  readings  of  the  specific  gravity  of  the  electrolyte  in  one 
cell,  or  the  voltage  readings  taken  from  time  to  time,  may  be 
used  in  following  the  charge.  The  specific  gravity  method  is 
the  more  accurate  as  it  is  independent  of  the  rate  of  charge,  but 
in  railroad  work,  due  to  the  inaccessibility  of  the  electrolyte, 
the  less  accurate  but  rough  and  ready  method  of  voltage  read- 
ings is  relied  upon.  It  must  be  remembered,  however,  that 
these  voltage  readings  depend  upon  the  rate  of  charging  and  in 
themselves  are  no  indication  of  the  state  of  charge  unless  the 
normal  charging  current  is  flowing.  Open  circuit  voltage  read- 
ings cannot  be  in  any  way  relied  on. 

The  normal  rate  is  usually  an  eight  hour  rate,  i.  e..  a  rate 
which  will  give  a  complete  discharge  of  the  battery  in  eight 
hours.     Thus  for  a  240  ampere  hour  battery  the  normal  charg- 
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ing  or  discharging-  LUirrent  would  be  30  amperes.  This  rate 
should  not  be  exceeded  during  the  process  of  charging  except 
for  rehitively  short  periods. 

The  voltage  at  the  end  of  the  charging  process  is  not  fixed, 
but  varies  as  the  batteiy  gets  older,  due  largely  to  an  accumula- 
tion of  insoluble  lead  sulphate  in  the  active  material.  There- 
fore, a  battery  cannot  be  said  with  certainty  to  be  fully  charged 
when  it  has  reached  any  definite  voltage.  This  voltage  at  the 
end  of  the  charging  process  may  vary  in  new  cells  from  2.5  to 
2.7  and  in  older  cells  may  be  as  low  as  2.4  when  they  are  fully 
charged.  However,  a  cell  may  be  considered  as  charged  when 
the  voltage  remains  constant  at  approximately  2.5  volts  per 
cell  for  a  half  an  hour,  with  the  normal  charging  current  flow- 
ing. 

Discharge. — The  limit  of  proper  discharge  is  reached  when 
the  voltage  has  fallen  to  1.8  per  cell  with  the  normal  current  of 
discharge  flowing.  This  is  28.8  volts  on  a  16  cell  circuit,  57.6 
volts  on  a  32  cell  circuit,  90  volts  on  a  50  cell  circuit,  and  97.2 
volts  on  a  54  cell  circuit,  and  the  batteries  should  not  be  dis- 
charged below  these  points. 

The  rate  of  discharge  and  charge  should  always  be  within 
the  limits  prescribed  by  the  manufacturer.  The  cells  should 
be  carefully  inspected  and  cared  for  according  to  the  directions 
of  the  manufacturer  in  order  that  their  life  may  be  reasonably 
long. 

An  overcharge  of  a  half  an  hour  at  the  normal  rate  once  a 
week  is  a  very  good  thing  for  any  battery  in  that  it  tends  to 
prevent  formation  of  the  insoluble  white  sulphate ;  but  such 
a  continued  overcharge  as  was  found  in  tests  of  many  of  the 
axle  equipments,  is  sure  to  cause  a  rapid  destruction  of  both 
positive  and  negative  plates.  This  is  caused  largely  by  the 
boiling  action  of  the  gases  mechanically  removing  the  active  ma- 
terial of  the  plates,  which  collects  as  sediment  in  the  bottom  of 
the  cells.  This  sediment  is  not  dust  nor  cinders  nor  scale  nor 
useless  refuse  of  dead  material  but  is  the  verj-  life  and  capacity 
of  the  battery  itself,  so  that  the  depreciation  of  the  battery  is, 
in  one  direction  at  least,  expressed  by  the  depth  of  sediment  in 
the  bottom  of  the  jars. 
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Battery  Box. — That  the  temperature  may  be  moderate  during 
summer  months  and  the  air  dry,  the  battery  compartment  must 
be  ventilated.  This  is  also  very  essential  to  remove  the  explo- 
sive mixture  of  oxygen  and  hydrogen  formed  during  the  process 
of  charging  the  battery. 

The  importance  of  the  latter  is  not  generally  recognized  but 
may  be  shown  by  citing  a  news  article  in  the  Railway  Gazette, 
1900,  p.  681,  which  describes  a  violent  explosion  under  a  dining 
car,  which  was  caused  by  the  collection  of  oxygen  aud  hydrogen 
from  the  cells,  this  explosive  mixture  being  ignited  by  an  electric 
spark  on  a  loose  connector.  Such  an  accident  might  easily  riddle 
the  battery  box  and  not  only  cause  the  total  loss  of  the  battery 
but  might  be  a  source  of  fright  and  danger  to  the  traveling  pub- 
lic. This  can  easily  be  remedied  by  boring  a  few  small  holes  in 
each  end  of  the  battery  box. 

To  properly  preserv^e  the  woodwork,  particularly  the  trays 
and  lead  lined  wooden  tanks  and  also  the  whole  interior  of  the 
battery  box,  care  must  be  taken  to  keep  these  parts  well  pro- 
tected with  a  heavy  paint  which  is  not  subject  to  the  attack  of 
sulphuric  acid,  preferably  one  of  an  asphaltum  base. 

Cell  Tanks  or  Jars. — A  cell  tank  or  jar  of  special  type  must 
be  used  to  withstand  the  severe  conditions  of  railway  operation. 
In  general  there  are  two  types  which  are  suitable:  lead  lined 
wooden  tanks  and  hard  rubber  jars  set  in  wooden  trays. 

The  lead  lined  tank  is  more  expensive,  but  is  without  doubt 
the  more  reliable  and  satisfactory.  It  consists  of  a 'heavy  oak 
box  of  solid  construction  lined  with  sheet  lead  with  joints 
burned  to  make  them  water  tight;  then,  to  prevent  this  lead 
lining  from  short  circuiting  the  plates,  heaw  glass  plates  are 
fitted  inside  this  lead  lining  so  as  to  completely  cover  it.  A 
lead  lined  cover  is  bolted  over  the  top  of  each  compartment. 

The  rubber  jar  is  much  cheappr  and  of  inorc  simple  ('(tnstrne- 
tion.  It  is  simply  a  hard  rubber  reinforced  jar  set  in  a  wooden 
tray,  usually  in  sets  of  two  as  illustrated  in  Plate  XXV.  A  tight 
fitting  rubber  cover  is  also  provided  to  prevent  the  slopping  of 
acid.  This  is  hardly  as  satisfactory  a  jar  as  the  lead  lined  tank, 
as  it  is  often  cracked  or  broken,  allowing  the  electrolyte  to  leak 

[137] 


138  BULLETIN  OP  THE  UNIVERSITY  OP  WISCONSIN 

out,  thus  completely  crippling  the  battery.  However,  in  case 
of  a  lead  lined  tank  care  must  be  taken  to  prevent  grounds  and 
moisture  in  the  wooden  container  else  electrolysis  is  apt  to  eat 
holes  in  the  lead  lining  and  have  the  same  result  as  a  broken 
rubber  jar. 

Hard  inibber  covers  are  supplied  in  connection  with  hard 
rubber  jars,  these  fitting  more  or  less  tightly  to  protect  the 
plates  from  dust  but  at  the  same  time  permitting  their  easy 
removal  for  inspection  of  the  plates. 

The  relative  weights  of  a  pair  of  cells  complete  of  240  ampere 
hour  capacity  of  the  same  type  plates  in  these  two  types  of  jars 
are  roughly  200  lbs.  in  hard  rubber  and  300  lbs.  in  lead  lined 
tanks.  The  relative  costs  of  the  tanks  alone  are  roughly  $15 
for  two  hard  rubber  jars  and  wooden  tray,  and  $24  for  a  lead 
lined  double  compartment  tank. 

The  connectors  generally  used  each  consist  of  a  rubber  cov- 
ered flexible  copper  wire  with  lead  lugs  burned  on  the  ends. 
These  lugs  of  lead  should  be  east  so  as  to  completely  protect 
the  copper  wire  from  the  acid. 
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CHAPTER  VI 


COMPAEISON  OF  THE  VARIOUS  METHODS  OP 
RAILWAY  CAR  LIGHTING 

As  in  the  operation  of  a  train  the  first  essential  is  to  get  the 
train  over  the  road  on  time  and  with  safety,  so  in  lighting  the 
train  the  first  essential  is  to  have  good  light  all  the  time,  aud  to 
do  so  without  jeopardizing  the  safety  of  the  travelling  public. 
The  question  of  efficiency  of  operation  of  a  railway  car  lighting 
equipment  is  not  only  the  ratio  of  power  output  to  intake,  but 
a  vast  number  of  other  considerations  enter  into  the  problem, 
till  the  mere  machine  efficiency  or  cost  of  operation  becomes  of 
secondary  importance. 

In  considering  all  the  various  methods  of  electric  lighting  a 
railway  car  from  a  comparative  point  of  view,  it  must  be  said 
that  it  is  impossible  to  make  a  sweeping  claim  of  superiority 
for  any  one  type  of  equipment.  All  the  equipments  operated 
have  certain  advantages  and  certain  disadvantages  which  ren- 
der each  equipment  more  or  less  applicable  to  certain  kinds  of 
service.  It  may  also  be  said  that  the  success  of  any  of  the  types 
of  lighting  equipment  lies  largely  in  the  hands  of  the  railway 
operating  department. 

There  are,  however,  certain  features  in  the  operation  of  the 
various  types  of  equipment  which  should  be  considered  in  a 
comparative  way. 

The  simplest  of  all  the  electrical  equipments  used  is  undoubt- 
edly the  straight  storage  equipment.  This,  however,  has  the 
disadvantage  that  it  requires  expensive  charging  stations  at  the 
terminals,  by  which  the  batteries  are  charged  each  day.  This 
equipment  is  not  applicable  to  long  runs  overland,  but  is  most 
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economically  operated  on  short  runs  where  there  is  heavy  traffic 
and  a  large  number  of  cars  are  equipped. 

The  steam-driven  generators  are  undoubtedly  next  in  the  or- 
der of  simplicity.  They,  however,  have  a  disadvantage  in  that 
they  require  an  attendant.  The  C,  M.  &  St.  P.  Ry.  and  C.  & 
N.  W.  Ry.  have  largely  overcome  this  objection  by  educating 
their  baggagemen  to  operate  the  engine  sets  in  addition  to  their 
regular  duties.  Another  disadvantage  of  the  system  is  that  the 
train  must  be  operated  as  a  imit,  and  will  not  permit  any  car 
not  properly  wired  to  be  insei-ted  in  the  train.  It  is  obvious 
that  this  type  of  equipment  is  most  applicable  to  trunk  line 
trains  having  a  certain  definite  run,  and  especially  to  the  over- 
land trains. 

The  axle  equipments  have  the  disadvantage  of  complexity  and 
high  depreciation,  but  on  the  other  hand  they  provide  that  each 
car  is  an  independent  unit,  which  makes  this  method  of  lighting 
a  flexible  one  which  is  applicable  to  cars  on  miscellaneous  runs 
as  well  as  those  in  block  trains.  In  fact,  it  may  be  said  that 
there  are  a  large  number  of  cars  for  which  this  is  the  only  suit- 
able method  of  lighting  by  electricity. 

The  proper  operation  of  axle  equipments,  however,  is  such 
an  intricate  one  that  any  railroad  deciding  to  enter  the  field  of 
axle  lighting  should  place  a  man  at  tlie  head  of  that  department 
who  has  a  clear  conception  of  all  the  theoretical  considerations 
underlying  the  operation  of  these  equipments  and  at  the  same 
time  has  a  good  practical  knowledge  of  storage  battery  opera- 
tion. Then  that  railroad  may  feel  safe  in  the  expenditure  of 
money  for  such  equipment  and  have  every  reason  to  expect  a 
satisfactory  and  economical  return  in  the  method  of  lighting 
its  cars  by  electricity.  Where  a  railroad  buys  a  few  axle  equip- 
ments, however,  and  places  them  in  operation  on  its  cars  as  a 
trial,  expecting  them  to  care  for  themselves  to  a  large  extent, 
such  an  experiment  is  sure  to  result  in  failure  and  dissatisfac- 
tion and  a  misconception  of  the  real  merits  of  the  equipments. 
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I.     INTKODTCTIOX 

The  present  bulletin  reports  tests  on  plain  and  reinforced  con- 
crete columns  made  in  the  laboraton-  for  testing-  materials  at  the 
University  of  Wisconsin  durin*;-  tlu'  summer  of  1908.  The 
purpose  of  these  tests  was  to  study  tlic  elastic  properties  and 
strengths  of  some  of  the  most  common  types  of  columns  used  in 
concrete  construction.  The  following  five  types  were  tested: 
1,  ])lain  concrete  columns;  2.  columns  reinforced  with  latticed 
angle  structural  steel  cohnims;  'S.  columns  reinforced  with  high 
carbon  steel  wire  spirals:  4.  colunnis  reinforced  with  spirals  and 
longitudinal  mild  steel  rods:  f).  cohunns  reinforced  with  longi- 
tudinal mild  steel  rods.  The  tests  were  of  a  preliminary  na- 
ture to  determine  the  type  of  column  upon  which  further 
investigations  could  most  profitably  be  made. 

All  reinforced  colunnis  were  made  with  a  protective  shell  of 
concrete  one  or  two  inches  thick  on  the  outside  of  the  steel. 
While  this  made  it  difficult  to  stiuU  the  distribution  of  stress 
in  the  concrete  and  reinforcing  steel,  useful  information  was 
obtained  in  regard  to  the  behavior  of  this  shell.  No  attempt 
is  made  to  derive  any  formula  based  on  so  few  results  for  any 
one  type  of  column.  It  will  be  noted,  however,  that  the  results 
for  any  one  series  of  columns  are  in  general  of  sufficient  num- 
ber and  uniformity  to  be  representative  for  the  percentage  of 
reinforcement  used. 

Neither  the  stresses  nor  the  factors  of  safety  used  in  Tables 
VIIT.  TX  or  X  are  intended  as  a  basis  for  design.  They  are 
put  in  only  for  the  purpose  of  comparing  the  different  types  of 
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I'oluinns.  IMoro  roliablo  data  is  neodod  before  the  proper  work- 
iiiii'  stresses  and  tlie  lu'ccssai-y  pci-cciitage  of  lateral  and  ]on«>'i- 
tiidiiial  I'cinforcenient  i-aii  hr  slati'd. 

Due  a('knowled<:eni('nt  is  licrehy  made  to  Dean  F.  E.  Tnr- 
iicaui't'  and  Pi-oi'cssor  K.  K.  Maurei-  for  valued  snfffi'estioiis  n*- 
ceivcd  in  inakiiiLi'  and  report iii'^'  these  tests  and  to  F.  'SI.  ]\Ic- 
Culloutrh  and  A.  11.  Miller,  meinbcrs  of  the  mechanics  d('])art- 
ment.  for  assistance  in  i)erforming  the  same.  E.  D.  Gilman 
of  the  class  of  1910  prepared  the  drawings  for  the  bulletin. 
The  spirals  used  in  these  tests  were  g'enerously  contril)ut(Ml  by 
the  "American  System  of  Reinforcing  for  Concrete  Construc- 
tion" of  Chicago.  Dean  Turneaure  donated  the  structural  steel 
columns. 

II.     MATERIALS 

Cement.  Atlas  portland  cement  from  Hannibal,  Missouri, 
purchased  'in  local  market,  was  used  in  these  experiments. 
Table  I  gives  the  tensile  strengths  of  neat  and  1 :3  mortar  bri- 
(piettes  tested  at  7,  28  and  60  days. 


TABLE  I. 
Tensile  Strength  of  Cement. 


Ultimate  strength  in  lbs  /  in^. 

Hkiuuette 

Xr.MBEll. 

Age  7  days. 

Age  28  da.vs. 

Ag-e  60  days. 

Xeat. 

1:3 
Mortar. 

Neat. 

1:3 
Mortar. 

Xeat. 

1:3 
Mortar. 

1 

542 
442 

484 
442 

260 
218 
272 
220 

722 
664 
570 
650 

284 
352 
280 
368 

660 
6.50 
690 
700 

340 
3.34 
350 

3 

4 

A  vei'asre 

478 

243 

652 

1 

321 

675 

341 

Sand.  A  local  bank  furnished  a  rather  fine  but  fairly  clean 
sand.  The  mechanical  analysis  of  this  sand  is  contained  in 
Table  II. 
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TAP.T>E    II. 

Analysis  ok  Saxd. 
Pek  cent.   Voids  =  ;I7.     Wt.  Phk  Ci:.   Ft.  ^^itl..j  Kits. 


Sie 

ve 

No. 

1) 
ol 

mesh. 

I'd-  cent. 
Dussiiiy-. 

1/  - 

'.m 
.07:5 

.042 

.034 

.022 

.015 

.011 

.11078 

.004.') 

100 

B    

9it  .') 

10                                              

".'4  3 

Ki        

S7  ;') 

20    

»3  !l 

30    

70.0 

40        

r)S  0 

,50    

20  0 

74    

lit. 5 

100    

Stone.  A  soft  crushed  liniostoue  was  secured  from  a  near-by 
pit.  This  stone  crushed  into  rough  surfaced  prisms  to  which 
the  mortar  strongly  adhered.  A  median ical  analysis  of  the 
stone  is  found  in  Table  III. 


TAIU.K  III. 

Analysis  ok  Local  Llmkstonk. 
Percent.   Voids  =  43.5.     Wt.   Pku  C'r.   Ft.  =  !»0.:)  Lus. 


Diametei'  of  inosli. 
Im-hes. 

retiiiiiod.                   .?'" 
lbs.                      l.a>Mii-. 

1 .25 

0. 
1.0 
2.5 
1.").0 
11.0 
2.25 
4.5 
5.5 

100. 

1.00 

".<7  i> 

.75 

'.U  () 

.50 

.33 

2!)  4 

.25 

.14 .              

13  ■' 

Re.siclue 

111    s 

Concrete.  A  1:2:4  mix  of  cemcnl.  sand  and  sIoil"  was  used 
in  making  all  specimens.  I'ropoiiioning  was  ])e!-formt'd  by 
weighing  the  re<iuired  volumes.  Ilie  cement  l)e;ng  assumed  to 
weigh  100  })ounds  per  cubic  foot.  The  spcH'ifie  weights  of  tht^ 
sand  and  stone  usecl  are  given  in  Tables  TT  and  III.  .\I1  con- 
crete wa,s  mixed  in  a  Xo.  0  Smith  batch  mixer  wliich  lias  a 
capacity  of  (i  cubic  feel  of  concrete  and  a  s])ei'd  of  about  25 
revolutions  ])er  inriule.      in   mixing,  the  sand  w;is  fii-st  thrown 
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into  lilt'  iiiixci-;  ci'iiiriit  was  Ihi'ii  })ut  in  and  the  dry  inixturt'  of 
sand  and  ci'iiiciit  <;ivcii  about  a  half  dozen  turns.  Half  of  the 
stono  was  next  plai-cd  in  the  mixer  and  the  water  turned  on. 
When  about  half  of  the  water  had  run  in.  the  remainder 
of  the  stone  was  added.  Mixing  Avas  continued  for  one 
minute  cifter  the  required  amount  of  water  had  been  added. 
The  total  time  of  mixing  from  the  putting  in  of  sand  until  the 
discharge  of  the  batch  was  about  three  and  one-half  minutes. 
A  iii-avity  water-feed  discharging  from  a  calibrated  tank  through 
•)4-iiich  pipes  into  the  mouth  and  hopper  of  the  mixer  afforded 
a  satisfactory  method  of  measuring  the  amount  of  water  re- 
quired for  the  batch.  The  quantity  of  water  necessary  to  pro- 
cure a  wet  concrete,  which  would  flow  readily  about  the  rein- 
forcement without  much  puddling,  varied  from  DV'  to  10  per 
cent,  of  the  weight  of  the  sand,  cement  and  stone.  This  varia- 
tion was  caused  mainly  by  the  change,  from  time  to  time,  in  the 
moisture  content  of  the  sand.  The  good  quality  of  the  concrete 
in  the  specimens  was  undoubtedly  due  in  a  large  measure  to  the 
thorough  mixing  of  all  the  materials.  The  Avay  in  which  the 
water  was  added  played  an  important  part  in  securing  a  uni- 
form consistency  throughout  the  batch. 

Steel.  The  structural  steel  reinforcement  for  the  columns  of 
Series  B  was  purchased  from  the  Wisconsin  Bridge  and  Iron 
Company  of  Milwaukee.  The  mild  steel  rods  used  were  bought 
in  the  local  market.  The  "American  System  of  Reinforcing  for 
Concrete  Construction"  of  Chicago  donated  the  spirals  for  the 
columns  of  Series  C  and  D. 

The  tensile  yield  point  and  ultimate  strength  of  the  steel 
angles  used  in  the  columns  of  Series  B  were  about  51.000 
lbs/in-  and  82.000  lbs/in-  respectively.  These  values  were  de- 
termined from  a  couple  of  fxf^Ti-inch  pieces  sawed  from  an 
uninjured  portion  of  the  steel  column  BS  after  it  was  testea. 
Tal)le  IV  .shows  that  the  yield  points  of  the  f-inch.  ^-inch  mild 
steel  and  1-inch  high  car])on  steel  rods  were  42.000.  47.000 
and  98.000  lbs 'in-  respectively.  Their  corresponding  ultimate 
strengths  were  HI  .000.  62.000.  and  130.000  lbs/in-  respectively. 
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TABi.K   IV. 
Tknsion  Tests  ok  Steel  Uskd  in  Columns. 


Size 

of  Uar 

ins. 

.\rea 
s(|.  in. 

Load  at           Maximum 
"^'ii'ltl  I'oint             Load 
lbs.            1            lbs. 

Stress  at 

Yield  Point 

Ibs/in.- 

ITltlmatp 

Strength 

lbs/in.'-' 

.627 
.021) 
.626 
.628 
.626 
.627 

.300 

.308 
..30S 
.310 
.308 
.300 

12.760                    19.025 
13.000                    10.375 
I3..')(K)                    10,725 
12.075                    10,4.30 
12.485                    18.025 
rj.iimt                 is.diK) 

41.300 
42.200 
43,80t) 
41.800 
40. 400 
30.0110 

61 . 60O 
62.700 
64.0(10 
62.600 

58.500 
58. 200 

A  \>l  ;;_'.•                ;i   .•,;i' 

61.270 

.25^ 
.256 

.0.">2 
.051 

2.450                      3,220 
2.460                      3.215 

46. 000 

47.0ini 

61.800 
I'.:.'  .'iiM) 

Averatre 

4:.4": 

.;^.^-,^ 

i 

Hig-h  Carbon  Steel  Wire. 

.254 

.051 

4.0.50 

6,600 

07. 700 

130.000 

III.     SPECIMENS— :\r A KTXG.   CURING  AND   TESTING 

Auxiliary  Spfcirnens.  From  every  batch  of  concrete  one 
6.v8-inch  cylindei-  Avas  mad;'.  Tests  of  thi'^e  cylinders  ser\-ed 
as  an  hidex  of  the  strenutli  of  the  concrete  in  the  different  col- 
umns. Table  V  gives  the  data  for  these  auxiliary  test  pieces. 
The  cylinders  are  designated  by  a  letter  and  two  numbers  as 
An.  A12.  etc.  'I'he  letter  and  first  lunnber  indicate  the  col- 
umn :n  which  the  same  concrete  was  used,  while  the  second 
number  tells  in  what  part  of  the  column  the  concrete  was  placed. 
Thus.  All.  A12.  Ai:3  sii^nify  that  the  cylinders  were  made 
from  the  same  batches  that  were  poured  into  the  bottom,  mid- 
dle portirn.  and  top  of  column  AT.  respectively.  The  cylinders 
were  left  in  the  molds  fi  days  and  then  stored  under  the  same 
conditions  as  the  columns. 
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T.M'.LK  V.     . 

COMI'UKSSIVK    Si  UKNCiTII  OF    Sl\-Ix(  11    CVLINDKUS. 
I  :  2  :  4  Conciclc. 


Col. 


Al 

Al 

Al 

A2 

A  2 

A3 

A3 

A4 

A4 

Bl 

Bl 

B2 

B2 

B3 

B3 

B4 

B4 

CI 

C1&2 

C2 

C3 

C3 

C4 

C4 

Dl 

D1&2 

D2 

D3 

D3 

D4 

D4 

E1&2 

E3 

Fl 

Fl 


Speritnens 

6.\18  in. 
cylindeis. 

Agre  ill 
flays. 

Specific 
weisrlit 
lbs/ft. 3 

Modulus  of 
elasticity 

al  J  wit. 
strcntrth 

lbs/ in. ^2 

Ultimate 
stI■t']l^'tll 
Ibs/iii.- 

All 
A12 
A13 
A21 
A22 
A31 
A32 
A41 
A42 
Bll 
B12 
B22 
B23 
B31 
B32 
B41 
B42 
Cll 
C12 
C22 
C31 
C32 
C42 
C43 
Dll 
1)12 
1)22 
D31 
D32 
D42 
D43 
E12 
E32 
Fll 
F12 

t>3 
63 
()3 
63 
63 
62 
62 
62 
62 
62 
62 
62 
t)2 
62 
61 
62 
62 
63 
63 
61 
63 
63 
62 
62 
56 
56 
56 
56 
56 
56 
56 
55 
54 
63 
63 

145 
141 
140 
143 
140 
141 
141 
141 
142 
142 
142 
142 
144 
143 
143 
141 
142 
140 
142 
139 
143 
141 
140 
139 
143 
142 
142 
144 
143 
143 
145 
143 
142 

3,000.000 
2. 700.  IXK) 

3,140 
1,890 
2, 2.50 

2, 600.  (HH) 

2, 320 

2,471) 

2.600.000 

2,140 
2,340 

2.800.000 

2,380 
2,340 

2,700,000 

2,330 
2,210 

2.800.000 

2,760 
2, 520 

3.000.000 

2,420 
1,990 

2.030 

2.250 

3.100.000 
3,200.000 

2.100 
2. 460 
1.920 

3.300.000 
3. 300. 000 

2,010 
2, 360 
2.340 

1.960 

2,900.000 
3,400.000 

2,080 
2,220 
2.040 

3,100,000 
3.100,000 

2,481) 
2.2s0 
2, 250 

2,460 

.3.200.000 

2.430 
2,040 

2,480 

1.990 

('oluin)is.  All  coluiiuLs  of  a  series  were  made  on  the  same 
day.  ]\Iiich  care  was  taken  to  keep  the  conditions  governing 
the  making  of  the  columns  uniform  for  all  series.  The  proper- 
ties of  the  columns  test(>d  are  given  in  Table  VI.  All  columns 
were  10  ft.  long. 

The  four  plain  concrete  columns  of  Series  A  were  12  in. 
square.     Column  Fl.  also  unreinforced,  was  8  in.  square. 

Each  column  of  Series  T>  was  reinforced  with  a  built  up  steel 
column,  shown  in  Fi*.;-.  1.  which  weighed  about  250  pounds. 
The  columns  of  th;s  .series  had  a  shell  of  concrete  2  in.  thick 
outside  of  the  steel  reinforcement,  making  their  cro.ss-sectional 
dimensions    12.\12    in.       Before   testing    columns     Bl    and   B4 
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TAItLE  VI. 

PuorKKiiKs  OK  C'oi.rMXs   Tkstkd. 

All  ciiluiiis  111  ft.  hiyli.     1  :'-!:4  c-oni-retc. 


Keinforce.ment 

Area 

Atre 

COL. 

*Per  cent. 

Shape. 

at  test 

.Sq.  in. 

days. 

Vertical. 

Lateral . 

Al 

() 

0 

144 

A  2 

0 

0 

143 

1)3 

A3 

II 

0 

142 

1)4 

A4 

0 

0 

141 

Bl 

1 

4.5 

64 

64 

m 

I    4,  2.\2.\3-ltJ-in  latlircd 

2.02 

142.5 

•     t)2 

b;5 

i        antrles. 

2.01 

143 

Gl 

B4 

J 

4..") 

04 

()3 

CI 

C2 

1  J-iii.  liitrli  carlx)!!  steel 

0 
0 

1.33 
1.33 

Oetatronal. 

118 
118 

02 

CH 

spii-al.    lo-iii.     (liani.. 
'       1-iii.  uitch. 

0 

2.00 

Hound. 

78. 5 

t>4 

a 

0 

1.33 

Oclatronal. 

118 

05 

1)1 

\).  i-iii.  round  mild  steel 

2 .  .")•') 

1.33 

118 

58 

1)2 

i      rods    and    i-in.    hiyh 

2.3.i 

1.33 

118 

t)0 

m 

cai-hoii    steel     .spiral. 

2.3.) 

1.33 

118 

61 

1)4 

I(i-in.diam.  1-iti.  pitch 

2.35 

1.33 

118 

62 

El 

/  9.  a-iii.  round  mild  steel 

2.35 

0.11 

118 

55 

E2 

^     rods    with    i-in     lies. 

2.35 

0.11 

118 

3l 

E3 

I      1  fl.  c.  U)  c. 

2.35 

0.11 

118 

Ol 

Fl 

0 

0 

tj4 

6;^ 

Bs 

Latticed  angle  steel  co! 

jmn^reinft 

)rcement 

n  Series  B. 

I'er.-eiilai-''( 


•ompuled  for  total  cross 


thi.s  outside  shell  was  knocked  off,  making  their  cross-section 
8x8  in.  In  Table  VI  no  attempt  has  been  made  to  figure  the 
percentage  of  lateral  reinforcement  in  these  columns,  although 
tlie  lacing  bars  and  angles  unquestionably  produced  "consider- 
able lateral  restraint  on  the  concrete  core. 

Columns  of  Series  C  were  octagonal  in  cross-section  with  an 
inside  diameter  of  12  in.  They  were  reinforced  with  spirals 
10  in.  in  diameter  composed  of  ^-in.  wire  with  a  1-inch  pitch. 
Three  longitudinal  crimped  spacing  bars  served  to  maintain  a 
uniform  pitch.  These  s])irals  weielied  about  ()8  pounds  each. 
Fig.  2  (a)  shows  how  their  reinforcement  was  made  up.  Col- 
umn C3  was  stripped  of  its  outside  shell  before  testing,  thus 
making  its  cross-section  a  circle  10  in.  in  diameter. 

Fig.  2  (b)  shows  the  same  spiral  as  used  in  Series  C.  fitted 
with  9  f-in.  round  rods  to  serve  as  reinforcement  for  the  col- 
umns Series  D.  The  diameter  of  the  No.  IH  wire  used  in  tying 
the  vertical  rods  to  the  sjiiral  was  .077  of  an  inch.     All  longi- 
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front 


3/de 


£ 


£^pf  l//eyy 


^i 


Ffi^eta 


r    m 


V 


w 


Use  no  pa/nf5  or  o/7s. 
P/ane  tfte  ends  or  a// 
co/umns. 


Fig.  1. — Reinfokcemext  Used  ix  Columns  of  Series  B. 
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P/g.n  Plan  r*jan 


E/ei^at/or? 


E/eyation 


Eley/iTion 

11     >- 

^^ 

i  ^ 

c 

1&- 

M 
t 

X 
\ 

•o 


Mod 


V  TL  'fc'  '^'*^'> 


(^)  (b)  (c) 

Fa.  2. — Reinforcement  Used  in  Columns  ok  Series  C,  D  and  E. 
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tiuriial  i-ods  ill  the  columns  wiTO  milled  to  the  same  length. 
This  \v;is  (lone  so  that  the  bed  phites  would  bear  on  all  rods 
alike  w  lirii  I  lie  (•(iluiiins  were  tested.  Tlie  wciyht  of  this  form 
of  reinfoivciiK'nt  was  about  160  pounds  per  column. 

The  reinforcement  used  in  the  columns  of  Series  E  is  shown 
in  Kii;-.  1'  (c).  The  longitudinal  rods  in  this  si'ries  were  also 
milled  to  exact  length  and  spaced  uniformly  aroimd  the  inner 
side  of  the  i-in.  hoops.  These  hoops  were  10  inches  in  diameter 
and  placed  1  foot  apart.  This  reinforcement  weighed  about  103 
pounds  per  column.  Column  BS  was  a  structural  steel  column 
like  those  used  in  reinforcing  Series  B. 

Forms.  Fig.  3  shows  the  type  of  wooden  form  used  in  mold- 
ing the  columns.  The  dotted  lines  in  the  plan  indicate  the  tri- 
angle pieces  which  were  placed  in  the  corners  of  the  molds  to 
make  the  octagonal  columns.  These  molds  were  set  upon  planed 
cast  iron  bed  plates  which  were  carefully  leveled  before  col- 
umns were  poured.  The  six-inch  cylinders  were  made  in  cast 
iron  molds  set  upon  a  leveled  steel  plate. 

Making.  About  5^  cu.  ft.  of  concrete  was  made  in  a  batch  so 
that  two  batches  were  required  for  a  column  and  the  accompany- 
ing cylinders.  In  making  the  plain  columns  the  forms  were 
built  up  in  three  sections.  As  soon  as  one  section  was  filled 
and  puddled  the  next  above  was  fastened  in  place  and  filled. 
In  fabricating  the  other  columns  the  whole  form  was  set  up 
and  the  reinforcement  held  in  position  Avhile  the  concrete  was 
poured  in  from  a  pail  at  the  top.  While  a  column  was  being 
poured  the  concrete  was  continually  puddled  with  a  rod,  both 
inside  and  outside  of  the  reinforcement  to  prevent  the  forma- 
tion of  pockets  and  air  holes.  After  a  mold  was  filled  it  was 
lined  up  with  a  plumb  bob  by  driving  wedges  under  the  base 
plate.  A  day  or  two  after  columns  were  made,  a  thin  coat  of 
1 :1  mortar  was  applied  to  their  tops.  While  the  mortar  top 
was  still  soft  a  cast  iron  bed  plate  was  placed  upon  it  and  care- 
fully leveled.  The  depth  of  the  coating  over  the  ends  of  the 
rods  or  angles  in  the  reinforcement  was  never  greater  than 
nV-in.  In  making  the  columns  of  Series  C  considerable  diffi- 
culty was  experienced  in  keeping  the  flexible  spirals  in  the  cen- 
ter of  the  molds. 
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xzc 


i 


F/a77 


^^iBoits 


Z"  P/ank 


Elevation 

Fig.  3. — Forms. 
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L'liriuy.  Voviua  were  removed  from  the  columns  at  the  end 
of  six  days.  The  columns  were  then  wet  twice  a  day  for  one 
week,  after  which  they  were  allowed  to  cure  in  the  air  of  the 
laboratory.  The  temperature  of  the  room  varied  from  70°  to 
85°  F. 

Testing.  About  two  iiionths  after  the  columns  were  made 
they  were  tested  in  the  60(),{)0()  pound  vertical  hydraulic  test- 
ing machine  in  the  laboratoiy.  The  lower  head  of  this  machine 
is  riyidly  fixed  to  the  i)iston  rod  of  a  hydraulic  jack,  while  the 
npi)er' head  is  free  to  adjust  itself  to  a  specimen  through  a  ball 
and  socket  joint.  A  eoluuin  was  put  in  the  machine  and  bedded 
on  a  cast  iron  plate  at  the  top  and  bottom,  a  sheet  of  blotting 
paper  being  placed  on  either  end  of  the  test  piece  to  fill  up  any 
sliglit  inequalities  in  the  bearing  surface,  if  the  column  was 
not  plumb  it  was  made  so  by  placing  iron  shims  under  the  lower 
bed  ])late.  The  colunms  were  loaded  at  the  rate  of  approxi- 
mately 200  lbs/in-  per  min.  Loads  were  applied  in  incre- 
ments of  lo.OOO  pounds.  The  cylinders  were  tested  in  a  100.- 
000  pound  Riehle  universal  testing  machine. 

^leasurenients  of  the  longitudinal  deformations  were  made 
by  means  of  copper  wire  dial  compressometers,  which  measured 
to  .0001  of  an  inch.  Four  frames  were  fastened  to  the  column, 
two  about  20  ins.  from  its  top  and  two  about  the  same  distance 
from  its  base.  Two  dials  were  placed  on  the  top  frames  and 
two  on  the  lower  frames  in  such  a  manner  that  there  was  a  dial 
on  each  of  four  sides  of  the  column.  A  No.  36  covered  copi)er 
wire  leading  vertically  to  and  around  each  dial  drum  from  a  pin 
on  the  lower  or  upper  frame,  depending  upon  the  position  of 
the  dial,  and  held  taut  by  a  small  weight  imparted  motion  to 
the  dial  drum.  Tluis  deformations  over  a  gage  length  of  80 
inches  were  measured  on  all  four  sides  of  the  column.  Readings 
corresponding  to  a  given  load  were  taken  after  the  motion  of 
the  dial  pointers  had  ceased. 

To  measure  deflections  a  couple  of  thread,  scale  and  mirror 
devices  similar  to  those  used  in  measuring  the  deflection  of 
beajns  (See  Series  of  1906)  were  employed.  These  were  ])laced 
so  as  to  measure  the  deflection  of  the  column  in  planes  at  right 
angles  to  each  other.  The  readings  of  these  deflections  were 
used  as  a  check  upon  the  compressometer  readings. 
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All  att(Miipt  was  iiiado  to  measure  lateral  deformations,  but 
owing  to  a  lack  oi"  rigidity  in  the  apparatus  used  the  values  are 
not  considered  trustworthy  and  will  not  be  reported.  Plate  I 
shows  colun.n  E3  fitted  with  ai)j)aratus  in  position  ready  to  be 
tested. 

The  moduli  of  elasticity  of  cylinders  were  determined  by  the 
dial  eompressometer  shown  in  the  bulletins.  Series  1906  and 
1907.  This  apparatus  measures  the  sum  of  tlie  deformations  on 
two  opposite  sides  of  a  cylinder.  Consequently  the  moduli  of 
elasticity  of  the  cylinders  were  not  determined  with  the  same 
degree  of  accuracy  as  that  of  the  columns  where  the  deforma- 
tions were  measured  on  four  sides. 


IV.     EXPERIMENTAL'  RESULTS   AND   DISCUSSION 
1.  Tests  op  Auxiliary  Cylinders 

Table  V  contains  the  results  of  compression  tests  made  on  the 
six-inch  cylinders.  The  modulus  of  elasticity  at  one-third  the 
ultimate  load  for  these  cylinders  averages  3,000,000  lbs/in-, 
and  the  ultimate  strength  2,275  lbs/in^.  The  maximum  varia- 
lion  in  strength  on  either  side  of  the  mean,  with  the  exception 
of  All,  which  was  abnormally  strong,  is  about  16  per  cent. 

A  comparison  of  theoretical  interest  is  giiven  in  Fig.  4.  This 
diagram  shows  the  average  stress  deformation  curve,  for  the 
cylinders  upon  which  deformations  were  measured,  and  a  theo- 
retical parabola  which  best  fits  the  plotted  points.  The  general 
equation  of  this  parabola  is 


^■-^■K~(ni. 


Where  f'c  =  any  unit  stress  (Ibs/iti') 

f,.  =  ultimate  strength  (lbs/in-) 

F.'  —  unit  deformation  corresponding  lo  f  i-; 

f.  =  unit  deformation  corresponding  to  fo. 

For  these  tests  this  equation  reduces  to 

fc  =  2300[|i:^_(Jjj.)"] 
[IfiO] 
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The  close  agreement  between  thi^  two  curves  indicates  that  a 
paraboli<'  curve  well  represents  the  stress-defonnation  curve  for 
this  trradf  of  concrete. 
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2.  Series  A 

The  four  12x12  in.  jihiin  concrete  colunuis  of  this  series 
broke  at  an  average  stress  of  approximately  2.()7()  lbs  :n^  the 
maximum  variation  of  a  single  result  from  this  mean  value  be- 
ing only  40  lbs/in-,  or  2  per  cent.  Columns  AT  and  A4  failed 
suddenly  by  shearing  otf  on  inclined  planes.  Tii  the  tests  of 
A2  and  A8,  the  outside  of  the  cohunn  fell  away,  leaving  two 
conical  frustrums  with  their  apexes  together.  As  far  as  could 
be  oljsorved.  no  failure  took  place  du(>  to  ]K)()r  end  bearings.  The 
concrete  in  all  of  these  c(^lumns  pres(Mited  a  good  homogeneous 
appearance.  Many  of  tht^  stones  were  sheared  off  at  failure 
and  but  few  air  jiockets  showed  at  the  broken  sections.  The 
character  of  failure  as  well  ;is  llie  idtimate  strengths  indicate  a 
high  degree  of  uniformity  in  tlu^  test  pieces. 

The  moduli  of  elasticity  and   uHimate  strengths  for  these  col- 

I  If'l  I 


I  .\i\i;i;srrv  oi-  wiscoxsix 


-•uuu 

■  ■ 

■ 

■ 

■ 

■1 

■  ■ 

-- 

"^ 

~ 

_«__ 

3K0U 

p 

B-OVO 

1" 

1 

_    -                    X 

•    1 

COLUMN       A1 
12X12-)N.      CROSS-SECTI 
PLAIN      CONCRETE 

COLUMN       A2 

PLAIN      CONCRETE 

,     1 

1    1    1    1 

1    , 

, 

1 

1 

i     1 

1     ■ 

1 

f 

f 

1 

/, 

-H                            f%^         •                       -L 

ri  .  1 

__          ^iiVi                        1     _4;     X- 

p 

1 

t  f-C                    IT 

! 

i     1 

.    v^ 

_._    ::  -i:;.       _      :  _    _         _      : 

II 

f)  « 

*X- 

-11-?^ 

5" 

-1-               2           ^^                         T 

p 

^                                           T                                                                                                                                   - 

flfin 

' 

--.^              _                           -     _. 

'   1 

T-t-                                                                                  It 

*     ' 

*      ' 

f 

*            ■ 

', 

r      '    ' 

f 

f-"          an 

9   1 

^                F       ^                                        -h  - 

—          'tOO 

ni  ' 

J^              t^ 

---. 

1   j   ■ 

1 

I 

ZC 

t^    1   1   ] 

^" 

;        ! 

r 

■— 

1    !    1 

^ 

w 

"• 

?     ^-no 

t~ 

— ' 

' 

t 

_ --- 

caOO 

' 

COLUMN       A3 

12X12.IN.      CROSS-SECTU 

PLAIN      CONCRETE 

COLUMN        A4 

E400 

PLAIN      CONCRETE 

1    1    1    1    1 

£000 

3'" 

-1  .«■ 

<r 

-  - - 

t     -i  --    --        --  -- 

1 

^S 

1 

: "  V 

1 

JE.^ 

'           1 

1 

^*V 

1          m 

1 

tri- 

i    I-.    '"^ 

"    i'^.               ~                ~  ": 

1   1   p 

' 

Fs?^ 

.  jT  1 

J   ° 

1   P 

t          - 

flCC 

1 

_ 

|jC        I       j 

4                i 

' 

f 

' 

■ic" 

1  i 

1  "    ±                        _       _ 

1  ■  ■ 

* 

1 

it 

J_ 

i    i                                      -  - 

0 

_ 

_ 

- 

_^ 

u 

__ 

^ 

._.:±_.±--:-:::-:: 

Deformation  per  unit  length. 
Fig.  5. — Sthkss-Dkiokmatio.x  Cieves  for  Columns  of  Series  A. 
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uiims  ;irc  Liivcii  in  'I'lihlc  \' 1 1 .  X'nlucs  of  llic  hkkIiiIiis  have  Ix'cii 
(MHiiputcd  at  (iiu'-lliii'd  of  the  iilliiiialc  sti-ciiLilh  l)y  dividiiii:  tln' 
unit  slr<',ss  at  this  point  l)y  the  rorrespoiidiii.u,'  unit  det'ornia- 
tioii.  It  will  !)('  observed  that  the  ir.odulus  I'oi-  these  i)lain  col- 
umns is  eonsidei'al)ly  laru'er  than  that  <)l)taini'd  for  the.  corres- 
ponding- six-inch  cylinder-s  in  Table  VII,  or  the  t'olunms  oC 
Series  C.  and  somewhat  lar(j(n-  than  that  obtained  for  the  col- 
umns with  loniiilud.iiial  I'eiiirorcement.  This  increased  stil't'- 
ness  was  picbably  caused  by  tl;e  m'ejitri-  (h'usity  of  tlw  colunnis 
of  Series  A. 

The  stress  d<d'ormation  curves  foi-  this  seri(>s  ai'e  conta'tied  in 
Fiji'.  5.  In  oi'der  tliat  the  apparatus  mi^ht  not  i)e  injured,  it 
was  necessary  to  remove  it  beTore  the  ultimate  load  was  reached. 
Consequently  the  full  stress  deformation  curves  aiv  not  .uiven  in 
th(>  fipiire. 

T.MiLI-:  VII. 
Stkeno'iu  and  Moon, I  ok  Ki.asticitv  ok  Colimns  Tkstkd. 
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3.  Series  B 

These  coluniiis  were  all  made  12  x  12  in.  in  cross-section  and 
reinforced  with  stnictural  steel  columns  like  the  one  showTi  in 
Fig.  1.  This  type  of  column  when  tested  showed  considerably 
more  toughness  than  did  the  plain  columns.  Columns  B2  and 
B3  were  tested  as  made.  Shortly  after  the  deformation  in  these 
cohmins  indicated  that  the  elastic  limit  of  the  steel  had  been 
reached,  or  at  about  the  ultimate  deformation  which  a  plain 
concrete  eolunui  would  stand,  the  two-inch  protective  became 
badly  cracked  and  small  particles  of  concrete  began  to  fall  off. 
Very  soon  after,  the  maximum  load  was  reached  and  large  sec- 
tions of  the  protective  shell  fell  off  accompanied  by  a  decided 
decrease  in  load.  The  ultimate  loads  and  ultimate  strengths, 
figured  on  gross  cross-section,  were  no  larger  than  those  ob- 
tained for  the  plain  concrete  columns  of  Series  A.  At  first 
glance  these  figures  seem  to  indicate  that  such  a  type  of  rein- 
forcement is  of  no  advantage  in  a  column.  Nevertheless,  a 
closer  inspection  of  these  particular  columns  show^s  that  the  area 
of  the  protective  shell  occupied  one-half  of  the  entire  cross-sec- 
tion of  the  column  and  had  contact  with  the  inside  core  over 
only  one-fifth  of  its  surface  area.  Furthermore,  the  bond  be- 
tween the  flat  surfaces  of  the  column  and  the  protective  shell 
was  not  large.  These  considerations  make  it  evident  that  the 
shell  could  not  have  taken  its  full  share  of  the  load.  Accord- 
ingly, as  soon  as  the  maximum  load  on  column  B2  was  reached, 
the  pressure  was  immediately  released,  the  apparatus  removed 
and  the  protective  shell  knocked  off.  The  apparatus  was  re- 
placed on  the  core  and  the  column  re-tested.  It  stood  a  load  of 
246.000  pounds,  or  about  eight-tenths  of  its  former  load.  This 
showed  conclusively  that  the  protective  shell  did  not  carry  its 
proportionate  share  of  the  maximum  load  in  the  previous  tests. 
If  the  difference  between  the  ultimate  load  of  the  column  ^Aith 
the  shell  on  and  the  maximum  load  sustained  with  it  off  is  as- 
sumed to  be  carried  by  the  protective  shell,  the  imit  stress  sus- 
tained by  the  shell,  allowing  for  thickness  of  lacing  bars,  etc., 
\Anll  be  roughly  800  lbs/in-,  or  only  40  per  cent,  of  the  aver- 
age unit  stress  sustained  by  the  total  cross-section  of  the  column. 
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In  ordii-  la  study  fiu'llicr  the  stren^h  of  the  core  in  these 
columns,  the  protective  shell  was  chipped,  off  from  columns  Bl 
and  B4  before  they  were  tested.  These  columns  had  about  the 
same  ultimate  strent^^th  as  the  core  of  column  B2.  Column  B4 
was  somewhat  weakened  by  a  fc^w'  small  air  pockets  at  the  sec- 
tion where  failure  occurred.  Plate  II  shows  column  Bl  after 
failure. 

In  connection  with  series  B,  plain  concrete  column  Fl  and 
the  steel  colunui  BS  were  tested.  The  results  of  these  tests  give 
information  as  to  the  strength  of  the  concrete  core  without  any 
reinforcement  and  the  strength  of  the  reinforcement  without 
any  concrete  core.  The  column  Fl  sustained  a  maximum  load 
of  120,600  pounds  (or  1.880  lbs/in").  The  corresponding  cylin- 
ders showed  about  the  same  ultimate  strength  as  the  cylinders 
Bll  and  B42,  indicating  that  the  concrete  in  Fl  was  of  as  good 
quality  as  the  average  found  in  the  other  columns  of  Series  B. 
The  stress  deformation  curve  for  this  column  is  found  in  Fig. 
10.  The  steel  column  BS  had  an  elastic  limit  of  33.400  lbs/in-, 
an  ultimate  strength  of  48,000  lbs/in-  and  a  modulus  of  elas- 
ticity of  26.000,000  lbs/in'^  (see  stress-deformation  curve.  Fig. 
6).  The  low  value  of  the  modulus  may  have  been  due  to  the 
rivets  not  entirely  filling  the  rivet  holes.  The  loads  correspond- 
ing to  the  elastic  limit  and  ultimate  strength  were  96.000  pounds 
and  138,000  pounds,  respectively.  Plate  III  shows  eolnnm  BS 
after  failure. 

From  the  tests  of  these  last  two  columns  and  the  cores  of  col- 
umns Bl  find  B4  it  will  be  seen  that  the  reinforced  concrete 
cores  held  maximum  loads  nearly  equal  to  the  sum  of  the  loads 
sustained  by  the  plain  concrete  column  Fl  and  the  steel  col- 
umn BS.  This  clearly  demonstrates  that  the  steel  and  concrete 
act  together  in  this  type  of  column  and  may  be  counted  upon 
in  designing.  The  series  also  demonstrates  that  for  this  type 
of  column  the  protective  shell  will  remain  intact  until  after  the 
steel  reaches  its  elastic  limit.  Also  that  while  it  may  add  some 
stiffness  and  strength  to  the  column,  it  is  an  uncertan  factor 
in  this  respect.  For  this  reason  it  would  not  seem  advisable 
to  count  on  th-^  strength  or  stiffness  of  th-^  protective  shell  even 
though  the  danger  of  injury  through  fire  be  improbable. 
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Owiii^  1(t  the  larjiH'  ami  of  the  protective  shell  with  respect 
to  that  of  the  inside  core,  the  tests  of  B2  and  B3  are  not  rep- 
resentative of  this  class  of  columns,  but  the  high  unit  stresses 
sustained  by  the  reinforced  cores  Bl  and  B4  (3,700  and  3,780 
lbs/in*'^,  respectively),  even  after  they  doubtless  had  been  some- 
what injured  by  removal  of  the  outside  shell,  show^  that  this 
method  of  reinforcini:^  makes  a  strong  column.  Furthermore, 
if  in  steel  construction,  columns  be  fire  proofed  by  concrete, 
these  tests  show  that  a  large  amount  of  additional  strength  can 
be  obtained  by  filling  the  inside  of  the  column  with  concrete. 

The  stress-deformation  curves  for  columns  B2  and  B3  will  be 
found  in  Fig.  6  and  those  for  Bl,  Bi  and  B2  (re-tested)  in  Fig. 
7.  The  curves  for  columns  B2  and  B3  are  nearly  identical. 
The  same  may  also  be  said  of  the  curves  for  the  reinforced  cores 
Bl  and  B4.  In  the  latter  the  stress  at  which  the  steel  reached 
its  elastic  limit  is  plainly  shown  by  the  sharp  bends  in  the  stress 
deformation  curves. 


4.  Series  C 

The  four  columns  of  this  series  exhibited  quite  different  prop- 
erties from  those  of  Series  A  or  B.  These  columns  Avere  not 
only  strong  and  held  large  compressive  loads,  but  were  also  ex- 
tremely tough.  As  the  stress-deformation  curves  for  this  series 
indicate,  (see  Fig.  8)  up  to  a  certain  point,  although  not  as  stiff, 
the  columns  of  this  series  behaved  much  the  same  as  plain  con- 
crete columns.  But  beyond  this  point  the  ratio  of  stress  to 
deformation  was  much  less,  the  curve  becoming  practically  a 
straight  line.  This  is  well  sho'WTi  in  the  curves  for  C2  and  C4. 
This  point  was  also  marked  by  the  cracking  of  the  protective 
shell.  Owing  to  the  failure  of  the  protective  shell,  necessitating 
the  removal  of  the  apparatus,  the  curves  for  colmnns  CI.  C2  and 
C4  do  not  show  the  shortening  at  the  maximum  load.  How- 
ever, the  last  point  on  these  curves  does  mark  approximately 
the  stress  and  deformation  at  which  the  shell  completely  failed. 

It  will  b'^  observed  that  the  unit  stresses  used  in  plotting  the 
stre.'^s-deformation  curves  in  Fig.  8  are  computed  for  the  entire 
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cross-sect  ion.  hiil  llie  ultiinate  strengths  in  Taljle  VII  are  based 
upon  the  area  inside  of  the  spiral,  as  the  protective  sliell  had 
entirely  fallen  off  at  the  maximum  load. 

After  the  maxiranni  load  was  reached,  the  columns  continued 
to  shorten  and  deflect  for  some  time  while  the  load  very  slowly 
decreased.  Column  C4  deflected  4  in.  before  failing.  Sev- 
eral of  the  columns  gave  good  examples  of  restrained  ends,  a 
condition  which  was  made  evident  both  by  the  shape  of  the 
curve  of  the  column  and  by  the  horizontal  tension  cracks  ap- 
pearing in  the  shell  near  the  ends.  Plates  IV  and  V  give  views 
of  columns  C2  and  C3  at  failure. 

Column  CI  failed  by  deflecting  laterally  so  far  out  of  line 
that  one  of  the  spacing  straps  snapped  in  tension.  A  piece  of 
the  spiral  taken  from  the  vicinity  of  flic  l)r('ak  appeared  to  have 
scaled  and  wln'n  tested  showed  a  yield  j)oint  80  per  cent,  higher 
than  a  piece  taken  from  the  end  of  the  column.  Tliis  was  the 
only  example  of  a  spiral  being  over-stressed  which  was  noted 
in  testing  either  Series  C  or  D. 

As  has  been  said  before,  some  dilKculty  was  encountered  in 
keeping  the  spirals  straight  and  in  the  center  of  the  forms 
while  the  columns  were  being  made,  owing  to  their  lack  of  rigid- 
ity. When  column  C3  was  stripped  of  its  protective  shell  be- 
fore testing,  the  spiral  was  found  to  be  bent  at  one  place  nearly 
an  inch  out  of  line.  After  the  shell  came  off  of  column  C-1,  the 
spiral  was  found  to  be  out  of  center  of  the  column  about  one- 
hall'  ;in  inch.  On  account  of  these  defects  in  fabrication,  these 
two  columns  did  not  stand  as  high  loads  as  their  mates,  columns 
CI  and  C2. 

Column  C3  was  sti'ipped  of  its  shell  before  testing  in  order 
Ihnf  tlie  strength  and  clastic  pi-opcrtics  of  the  core  alone  might 
be  studied.  It  will  be  observed  that  the  stress-deformation 
curve  is  practically  the  same  as  the  average  curve  for  columns 
CI.  C2  and  C4.  as  shown  in  Filt.  11.  up  to  a  stress  of  1.(300 
lbs  in'-'.  It  was  also  at  approximately  the  deformation  corre- 
sponding to  this  stress  that  the  protective  shell  on  these  columns 
cracked.  This  indicates  that  the  shell  and  core  in  colnnms  CI. 
C2  and  C4  acted  in  unison  up  to  this  stress. 
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Platk  IV.— Faimre  oi-  Coiamn  C2. 
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Pr,.\Ti:   v.— Faii.uhk  of  Column   C3. 
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In  considering  the  increase  in  ultimate  strengtii  over  that  of 
the  plain  concrete  colunms  per  per  cent,  of  spiral,  the  percent- 
ages for  columns  Cl,  C2  and  C4  should  be  based  on  the  core 
area.  Using  this  value  of  two  per  cent,  and  the  ultimate 
strength  given  in  Table  VII,  the  increase  in  ultimate  strength 
for  one  per  cent,  spiral  over  the  average  ultimate  strength  of  the 
coliunns  of  Series  A  is  1,295,  1,160,  795  and  670  lbs/in-  for  col- 
umns Cl,  C2,  C3  and  C4,  respectively,  or  an  average  increase  for 
Series  C  of  980  lbs/in-. 


5.  Series  D 

These  columns,  while  retaining  the  toughness  of  those  of 
Series  C  showed  a  marked  increase  in  stiffness  and  a  considera- 
bly higher  ultimate  strength.  The  nnit  stress  at  which  the  pro- 
tective shell  began  to  disintegrate  was  considerably  higher  than 
in  Series  C.  As  in  Series  B  the  deformation  at  which  this  sheU 
began  to  crack  indicates  that  the  steel  had  been  stressed  beyond 
its  elastic  limit.  Complete  failure  of  the  protective  shell  oc- 
curred at  stresses  and  deformations  slightly  greater  than  the 
last  points  plotted  on  the  stress-deformation  curves.  Fig.  9, 
would  indicate. 

As  in  Series  C  it  will  be  noted  that  the  unit  stres.ses  for  these 
curves  are  based  upon  the  total  cross-sectional  area  of  the  col- 
umn. Values  of  the  ultimate  strength  given  in  Table  VII  are 
figured  for  the  core  area  inside  the  spiral  as  the  strength  of 
protective  shell  was  entirely  destroyed  before  the  maxinnun 
load  was  reached. 

Columns  1)1  and  D2  were  progressively  loaded  to  failure. 
Column  D3  was  subjected  to  two  repetitions  of  1.040  lbs/in^ 
(based  on  total  area)  and  tlicn  progressively  loaded  to  failure. 
In  making  those  repetitive  loadings  dial  readings  eorrespoiuling 
to  zero  loads  were  taken  about  two  minutes  after  the  pressure 
was  released.  The  load  was  then  immediately  re-applied.  The 
sets  per  unit  of  length  after  the  first  and  second  repetitions 
were  .000035  and  .000037,  respectively.  This  colnmn  bent  2^2 
inches  out  of  line  at  the  maximum  load.  391.000  pounds.     Then 
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Platk  VI. — Failuuk  of  Column  D1. 
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tlu'  load  slowly  fell  .)rt'.  At  a  load  of  333,000  pounds  the  short- 
ening of  till'  cohuiiii  was  found  to  be  about  2  inches. 

Column  D4  was  given  three  repetitions  of  1.170  Ib.s/in'  and 
then  progressively  loaded  to  failure.  The  sets  per  unit  of 
length  for  the  tirst.  s(>eond  and  third  reprtitioiis  were.  resi)ec- 
tively.  .000060,  .0000(i6  and  .000080.  On  the  seeoiid  application 
of  the  load  tlie  stress-deformation  curve  became  a  straight  line 
up  to  the  repetition  limit.  The  interval  between  repetitions 
was  two  minutes,  except  for  the  third  repetition,  which  was 
made  after  a  rest  of  an  hour  aiul  a  half. 

Plates  VI  and  VII  are  views  of  columns  1)1  and  D'.i.  taken 
after  the  maxinuim  load  had  been  applied.  They  are  charac- 
teristic for  this  type  of  column,  showing  the  disintegration  of 
the  outside  shell  and  the  large  defleetion  of  the  core. 

It  is  of  interest,  in  comparing  Series  C  and  D.  to  compute  the 
increase  in  ultimat(^  strength  in  Series  1)  over  that  in  S(M-ies  C 
for  one  per  cent,  of  lon;^:tndinal  reinforcement.  For  such  a 
comparison  the  ])ercentage  of  vei-tical  steel  should  be  figured  for 
the  area  of  the  core.  On  this  l)asis  the  per  cent,  of  longitudinal 
steel  for  Series  D  is  3.53.  The  average  ultimate  strengths  for 
Seriese  C  and  D  are  -1.030  and  4.7r)()  lbs  in'-',  respectiveley.  There- 
fore the  average  increase  in  ultinuite  strength  of  Series  1)  above 
that  of  Series  C  for  (me  jx'r  cent,  longitudinal  reinforcement  is 
about  204  lbs/in-.  A  similar  computation  may  l)e  made  noting 
the  increase  in  .strength  for  per  cent,  of  vertical  ivinforcement 
for  Series  D  at  the  point  where  the  protective^  shi^l  began  to 
disintegrate.  The  average  unit  stress  on  the  whole  area  at  this 
point  was  1,712  lbs  :n-  for  Series  C  and  2.373  lbs  in'- for  Series 
D.  Then  for  the  })()int  at  which  the  protecting  shell  failed,  the 
increase  per  pel- cent,  of  longitudinal  reinforcemeul  is  H()l-. -2.35 
or  282  lbs  in-. 

().  Skries  K 

"When  tested,  llie  eelumns  of  this  series,  allliouuli  somewhat 
stiffer,  showed  s'milat-  eliaracteristics  to  those  exhibited  by  the 
columns  of  Series  D.  until  the  deformations  indicat(Ml  that  the 
yield  point  of  the  steel  had  been  reaeluMl.  .\t  this  i)oint.  how- 
ever,   owing   to    tile    insufficient    lateral    suppoi-t    olVei-ed    by    the 
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Plate  VIII. — Faili  i.i.  ui   Column  E2. 
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widely  separated  bands,  they  failed  very  suddenly.  Plate  VIII 
shows  the  failure  of  column  E2,  which  was  characteristic  of  the 
others  tested.  The  concrete  failed  in  the  same  way  as  it  did  in 
some  of  the  plain  columns.  The  reinforcement,  of  course, 
buckled  between  the  ^-inch  ties. 

Column  E3  was  subjected  to  three  repetitions  of  1,170  lbs/in^, 
the  interval  between  release  and  re-application  of  load  being 
about  one  and  one-half  minutes.  The  sets  per  unit  of  length 
after  the  first,  second  and  third  repetitions  were  ,000045,  000057 
and  .000061,  respectively.  The  column  was  then  progressively 
loaded  to  failure. 

The  stress-deformation  curves  for  this  series  will  be  found  in 
Fig.  10.  These  curves  for  E2  and  E3  were  completel^y  obtained. 
The  apparatus  was  removed  from  El  before  the  maximum  load 
was  reached. 

The  increase  in  ultimate  strength  per  per  cent,  of  longitudinal 
reinforcement  for  columns  of  this  series  over  the  ultimate 
strength  of  the  plain  columns  of  Series  A  is  approximately  156 
lbs/in-. 

7.  Comparison  of  Types  of  Reinforced  Columns  Tested 

TABLE    VIII. 
Values  Obtained    from     Tests     op    Reixforced      Columns.     Loads, 
Stresses,  and  Deformations   at    which    the   Protective    Shell 
OF  Concrete  Cr.xcked. 


i 

At  Cracking  of  Protective  Shell. 

Col.                         Kind  of 

No.                       REINFOBCE>rENT. 

1 

Loads 
lbs. 

Pi 

l^nit  stress 
lbs  /in2* 

2.860 
2.860 
1.1)20 
1,960 

1.800 
1.550 
1 .  950 
1.550 

2.180 
2.310 
2. 5t)0 
2.440 

2.310 
2.310 
2. 605 

Unit             Katio 
deform  a-          ^ 
tion.        ,        p 

Bl 
B4 
B2 
B3 

CI 

C2 
C3 
C4 

Dl 
D2 
D3 

D4 

El 

1    4,  2  X  2  .X  ,•'(;  -i"-  latticed  aii- 
f       ffles. 

1    i— ill.    hitxh     carljon     steel 
}       spiral,    10-in.  diam.   1-in. 
j        pitcli. 

1    0,  i-in.     round    mild    steel 
1,       rods  and  1-in.    liitrli    car- 
[        bon   steel    spiral.     10-  in. 
1        diam.  1-in.  pitcli. 

1    9,  1-in.    round    mild    steel 
rods,    1-in    ties    1    ft.    c. 
\       to  c. 

+183. 000 

•M83.000 

273.000 

280,000 

213.000 

183.000 

$153,000 

183,000 

258,000 
273. 000 
303.000 
288,000 

273.000 
273.000 
318.000 

.0013 
.0013 

.0015 
.0015 

.0014 
.0014 
.0019 
.0013 

.0012 
.0013 
.(H)14 
.0015 

.77 
.76 
.90 
.97 

..58 
.,53 
,53 

.t>8 

.74 
.S3 
.77 
.68 

1.00 

E2 
E3 

.0014 
.0014 

1.00 
1.00 

*  Unit  stresses  for    all  series  : 
+  Ansrles   sealed. 

*  Spaciiig  straps  bucUlinK'. 


"Total  area. 
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In  order  to  form  a  comparison  of  these  different  types  of  col- 
umns some  results  obtained  from  the  tests  have  been  tabulated 
in  Tables  VIII,  IX,  and  X.  Fig:.  11  contains  average  stress- 
deformation  curves  for  the  different  types  of  columns  tested. 
In  Table  VIII  are  recorded  the  loads  (Pi)  and  the  stresses  at 
which  there  were  plainly  discernable  in  the  protective  shell 
cracks  of  such  size  as  to  indicate  it  in  unsafe  condition  for  fire 
proofing  purposes.  The  unit  deformations  given  in  the  fourth 
column  show  that  the  longitudinal  metal  had  reached  its  elastic 
limit  in  every  case.  The  crosses  in  Fig.  11  indicate  the  point 
at  which  the  protective  shell  cracked.  The  ratio  Pj/P  gives  the 
proportion  of  the  ultimate  load  carried  before  this  protective 
shell  cracked.  It  is  the  inverse  of  the  factor  of  safety  for  this 
load  and  is  also  in  these  tests  indicative  of  the  relative  tough- 
ness of  the  column. 

TAHLK  IX. 
Values  Co.mputed  i>'U().\i  Con  mn  Tksts. 

Stres.sps  in  Concrete  and  Steel  and  Values  of  n  for  DeformalioM   per    ('nit  of 
Length  of  .0004. 


Reinforcement  . 

Load 
lbs. 

To 

Unit  stress 

on  entire 

cross-section 

lbs/in^. 

Unit  stress 

on  concrete 

lbs  in- 

fj. 

1 

Unit  stress 

on  %'ertical 

steel 

lbs  'in^ 

fs. 

n 

Col. 

No. 

Percent, 
vertical. 

Percent, 
lateral. 

"      Kc 

Bl 

4.5 
4.5 

2.0 

2.0 

100. 000 
9(5. 000 
ItiO.OCH) 
1.50.000 

117.  (X» 

10(i.000 
(H.OOO 
109.000 

13().000 
135.000 
14().000 
135.000 

150.000 
145.000 
151.000 

1 . 5(>0 
1 .  500 
1.120 
1,0.50 

9<>0 
900 
sio 
920 

1.1.50 
1.140 
1.240 
1.140 

1.270 
1.230 

1 .  280 

1.145 

1 .  080 
930 
8t50 

9i)0 
900 
810 
920 

890 

880 
980 
880 

1.010 

970 

1.020 

10.400 
10.400 
10.4(X) 
10. 400 

9  1 

B4 

9  t> 

B2 

11.2 

153 

12  1 

CI 

1.33 
1  ..33 
2.00 
1..33 

l.,33 
1.33 
1.33 
1.33 

0.11 
0.11 
0.11 

C2 



C3 

C4 

m 

D2 
D3 
D4 

El 
E2 
E3 

2.35 
2.35 
2.35 
2.35 

2.35 
2.35 
2.35 

12.000 
12.000 
12.000 
12.000 

12.000 
12.000 
12.000 

13.5 
13.0 
12.2 
13.(5 

11.9 
12.4 
11.8 

Table  IX  contains  the  values  of  the  .stresses  in  the  concrete 
and  steel  for  a  unit  deformation   (selected  simply  for  purposes 
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of  comparison)    of  .0004.     These  were  obtained  from  the   fol- 
lowing eqnations : 


f<-  = 


In  these  eqnations  f^  and  fV  are  the  nnit  stresses  in  the  steel 
aiid  fonerete.  resp.■eti^•ely.  produced  at  a  unit  deformation 
£  =  .0004:  K,  is  tlic  modulus  of  elasticity  of  steel;  P  =  P, 
is  the  load  corresponding^  to  e;  A  is  the  total  area  of  the  col- 
umn: As  is  the  area  of  the  steel.  The  modulus  of  elasticity 
was  assumed  as  30.000.000  lbs/in"  for  the  steel  in  Series  D  and 
E.  For  Series  B  the  value  26,000,000  lbs/in=  taken  from  the 
test  of  column  BS  was  used. 

T.VHLK  X. 

F.\(  TDKS^OF    SaKKTY     OF     COMMNS     TeSTKD    COMl'ITKI)    WlTIl    RkFKUKNCK 

TO  Maximum  Loads  and  Loads  at  Wiik  ii  the 
Puotkctivf:  Siikll  Cracked. 


Load  (  I'^)  is  Conipiitcd  by   .\ssumiiiy  rnil   SI  i 
to  .\cl  oil  Core  .\  lone 


I'oiiiid  in  Tahlc  I  .\ 


Col. 
No. 


*H1 

"H4 

H2 

Ii3 

n 

C2 
*C'3 
('4 

Dl 
1)2 
D3 
1)4 

El 
E2 
E3 


C'oic 

area. 

.sii   m. 

c 

lU 

(H 

tU 

64 

78.5 

78.5 

78.5 

78.5 

78.5 

78.5 

78.5 

78.., 

#8.5 
78.5 
78.5 


I'rotei-tivc  sliidl  removed  hefore  le.sliiitr. 
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Ma.Ni- 
nium 

Eoad  at 

failure 

of  >hell. 

lbs. 

I 'nit  i^tressks  at 

INIT  DEFOHMA- 
TION    .0(HI4. 

Coreload '  ~ 
f,.  |C-.\s| 

+  A^f.. 
lbs 

1» 

2.4 
2.. 5 
3.5 
3.5 

4.7 
4.0 
4.5 
3.7 

3.5 
3.3 
3.6 
4.2 

2.6 
2.0 

f         ^\ 

load 

lbs. 

1' 

Concrete 
lbs   in'- 

1.145 

1,080 
i>30 
SiiO 

090 
0(H) 
810 
020 

800 
8,sO 
080 

880 

1.010 

070 

1.020 

St 
Ills   in- 

fs 

10.4(10 
10.4(HI 
10.4(Ht 
10,4lMI 

'''->i 

2;-!7.0iio 

242.  OOO 

:^03.ooo 

2SS.O00 

:-{iit;.(ioo 

1S3.I'00 
183.000 
273. 000 
2.SO.OO0 

213.01)0 
18,3.000 
l.")3.000 
183.0mi 

258.000 
273.  (MH) 
303.0(10 

288.000 

273.000 
273.  (HIO 
318. (HhI 

KHI.OOO 
0(1.  (HHI 
87. (MH) 
83.  (HH) 

78.000 
71.  (HHI 
()4,(HH) 
72.000 

lOI.OtHI 
KD.OlHl 
1(IS.(KHI 
100.  (HH) 

llO.(KH) 
107.0(HI 
110.  (.100 

1.8 
1.0 
3.1 
3.4 

.345. 000 

288.0110 

2  4 

208. 000 

')  -, 

;^5 1.000 

.Till,  (too 

3S1I.000 

421.000 

273. 000 
273.(100 
318.000 

12.(M10 
12.  (HIO 
12.000 
12.(HM 

12.  (HHI 
12.  (HH) 
12. (UK) 

2.6 

2.8 
2.0 

2  5 

2.(i 

2.0 
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Values  from  Tables  VII,  VIII,  and  IX  were  used  in  making 
up  Table  X.  From  the  unit  stresses  o1)tained  in  Table  IX  the 
load  which  could  be  carried  by  the  core  alone  (P;.)  was  calculated 
and  is  found  in  eolunm  No.  7.  The  factors  of  safety  f,  based 
upon  maximum  loads,  and  fj,  based  upon  loads  at  which  the 
protective  shell  cracked,  are  of  assistance  in  making  a  compari- 
son of  the  strengths  of  the  types  of  reinforced  columns  tested. 
This  fact  must  also  be  borne  in  mind  in  comparing  these  differ- 
ent columns  that  the  maximum  load  for  Series  E  was  partially 
sustained  by  the  protective  shell,  while  in  Series  C  and  D  and 
in  columns  Bl  and  B4  it  was  sustained  by  the  core  alone.  It 
the  protective  shell  of  such  columns  as  those  of  Series  E  was 
seriously  injured  by  fire  the  ultimate  strength  would  be  im- 
paired as  replastering  would  not  replace  the  strength  lost  by 
tlie  injury.  In  columns  of  the  type  of  Series  D,  however,  in- 
jury to  the  protective  shell  would  not  decrease  the  maximum 
load  carrying  capacity. 
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V.     SUMMARY 

1.  The  1 :2  A  plain  concrete  colul^Il^:  of  Series  A  had  an  aver- 
age modulus  of  elasticity  of  3,850,000  lbs/in-,  an  ultimate 
strength  of  2,070  lbs/in-.  Although  these  columns  were  of  ex- 
ceptionally imiform  strength,  under  practical  Avorking  condi- 
tions the  liability  of  variations  in  strength  and  eccentricity  of 
loading  make  the  iLse  of  low  working  stresses  imperative  for 
such  a  brittle  material.  Consequently  it  is  often  desirable  to 
employ  a  reinforcement  which  will  make  the  use  of  higher  work- 
ing stresses  possible. 

2.  The  tests  of  the  cores  of  columns  of  Series  B,  nunforced 
with  4.5  per  cent,  of  longitudinal  steel  (latticed  angle  columns) 
gave  an  average  modulus  of  elasticity  of  4.100,000  lbs/in-  and 
an  average  ultimate  strength  of  3.740  lbs/in'-.  These  cores  ex- 
hibited considerable  toughness  before  failure.  The  plain  con- 
crete column  Fl  of  the  same  cross-sectional  area  had  a  modulus 
of  elasticity  of  3.800.000  lbs/in-  and  an  ultimate  strength  of 
1.880  lbs/in-.  Comparing  the  strength  of  the  cores  with  that 
of  the  steel  column  BS  indicates  a  means  of  increasing  the 
strength  of  the  hollow  steel  section  by  filling  the  inside  witli 
concrete. 

In  the  tests  of  columns  B2  and  B3  the  area  of  the  outsid?? 
shell  was  so  large  in  proportion  to  the  area  of  the  core  that  the 
value  of  the  form  of  reinforcement  was  obscured.  The  tests 
of  these  two  columns  in  connection  with  columns  Bl  and  B4  in- 
dicate that  the  protective  shell  cannot  be  relied  upon  to  carry 
load  in  this  type  of  column,  especially  when  there  is  relatively 
little  direct  bond  between  it  and  the  concrete  core.  They  also 
show.  lunv(>ver,  that  the  shell  remained  intact  until  the  yield 
point  of  the  steel  was  pa.ssed. 

3.  The  columns  1.33  per  cent,  spiral  reinforcement,  Series  C, 
had   an   average  modulus  of  elasticity  of  2.200.000  lbs/in-,   an 
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average  ultinuilc  strength  of  4,030  lbs/in-  and  were  exception- 
ally toiiiih.  'I'ln^  protective  shell  began  to  disintegrate  at  about 
six-tenths  of  tho  niiuxinmm  load.  These  columns  were  not  stiff 
enough  to  carry  high  working  loads.  (Compare  column  7 
Table  X  for  Series  C  and  D.) 

4.  The  columns  with  1.33  per  cent,  spiral  and  2.35  per  cent, 
longitudinal  reinforcement  had  au  jiverage  modulus  of  elasti- 
city of  about  3,100,000  lbs/in-  and  an  average  ultimate  strength 
of  4,750  lbs/in-.  They  were  also  extremely  tough.  They 
sustained  three-fourths  of  their  maximum  load  before  the  pro- 
tective shell  began  to  disintegrate.  As  shown  in  Table  X,  on 
the  core  area,  they  were  capable  of  carrying  the  high  stresses 
of  900  and  1,200  lbs/in-  on  the  concrete  and  longitudinal  steel 
respectively  with  a  factor  of  safety  based  on  the  ultimate 
strength  of  3.6  or  2.7  based  on  the  load  at  which  the  protective 
shell  cracked. 

Of  the  columns  tested  this  series  exhibited  structural  quali- 
ties of  the  highest  grade.  The  longitudinal  reinforcement  fur- 
nished the  recpiisite  stiffness  for  high  working  loads,  while  the 
spiral  provided  a  high  ultimate  strength  and  great  tougluiess 
necessary-  as  a  factor  of  safety. 

5.  The  columns  reinforced  with  longitudinal  rods  and  ties  1 
foot  apart  had  a  modulus  of  elasticity  averaging  about  3.800.- 
000  lbs/in-  and  an  ultimate  strength  of  2,440  lbs/in-.  They 
failed  suddenly  and  completely  at  longitudinal  deformations 
corresponding  to  the  yield  point  in  the  steel,  the  vertical  rods 
bulging  out  between  the  widely  spaced  ties.  These  columns 
could  not  carry  wath  safety  as  high  working  stresses  as  the  col- 
umns of  Series  B  or  D. 

A  further  investigation  of  the  strength  and  elastic  properties 
of  concrete  columns  reinforced  with  different  percentages  of 
spiral  and  longitudinal  reinforcement  is  now   in   progress. 
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INVESTIGATIOX  OF  rHXTRU'rCAL  Pl'MrS-II 


INTRODUCTION 

Part  I  of  the  "Investigation  of  Centrifugal  Pumps,"  gave 
the  results  of  experiments  with  a  six-inch  vertical  centrifugal 
pump,  comparing  the  efficiency  of  various  forms  of  impellers  of 
the  enclosed  radial  type;  also  a  discussion  of  the  theory  of  the 
centrifugal  pump  and  an  index  of  literature  on  the  subject  of 
centrifugal  pumps,  between  1850  and  1907. 

The  present  bulletin.  Part  II  of  the  investigation,  gives  re- 
sults of  experiments  with  a  six  inch  horizontal  centrifugal  pump. 
The  pump  was  designed  especially  for  experimental  purposes, 
and  was  so  arranged  that  various  forms  of  impellers  and  pump 
cases  could  readily  be  used  with  it.  The  same  impellers  used 
in  the  six  inch  vertical  centrifugal  pump,  could  be  used  with 
the  six-inch  borizontal  centrifugal  pump,  so  the  results  sub- 
mitted in  Part  I  of  the  investigation  could  be  verified,  and  also 
further  extended  to  cover  results  with  vanes  curved  forward 
and  baclvward.  Before  extending  Ihe  study  of  the  influence  of 
the  shape  of  the  vanes  on  efficiency  and  capacity  of  the  pump, 
it  was  consideiH'd  l)cs1  lo  makr  a  hficf  sliidx'  of  the  effect  of  the 
form  of  tlie  casing.  J'tirt  II.  following,  is  the  result  of  this 
stndy,  and  gives  results  of  experiments  conii)aring  the  eflfieieney 
of  circular  and  spiral  eases,  and  showing  the  effeet  of  air  leakage. 
The  experiments  were  made  in  the  Ilydranlie  Laboratoiy  of  the 
University  of  Wisconsin  between  Febiaiary,  1906,  and  April, 
1908. 

Credit  for  the  desig-n  of  the  six  inch  horizontal  centrifugal 
pump,  and  for  the  inception  and  general  plan  of  the  investiga- 
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tion  is  due  to  Daniel  W.  Mead.  Professor  of  Ilydraiilie  and  San- 
itary Engineering  at  the  University  of  Wisconsin.  The  pump 
was  constructed  in  the  nieelianieiau's  shop  of  the  University  of 
Wisconsin,  under  the  direction  of  ]\lr.  E.  H.  J.  Lorenz,  to  whom 
credit  is  due  for  careful  workmanship.  In  the  portion  of  the 
investigation,  "Experiments  with  spiral  easing,"  the  writer 
was  assisted  by  Mr.  E.  Olson,  who  has  submitted  a  portion  of 
the  data,  in  slightly  dilferent  form,  for  the  degree  of  B.  S.  in 
E.  E.  at  the  University  of  Wisconsin.  The  writer  also  desires 
to  acknowledge  the  services  of  Mr.  J.  R.  Sherman  and  Mr.  W. 
A.  Gattiker,  who  have  assisted  in  the  general  arrangement  of 
the  drawings  and  the  tabular  matter. 
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DESCRIPTION    OF    SIX    TNCII    tlORIZONTAL    CENTRI- 
FUGAL PUMP 

The  pump  shown  in  detail,  Phite  I,  was  designed  a,s  an  ex- 
perimental pump,  and  so  arranged  that  various  forms  of  im- 
pellers and  pump  cases  could  readily  be  used  with  it.  The  im- 
pellers were  of  the  enclosed  type,  eight  and  thirteen-sixteenth 
inches  outside  diameter,  with  radial  vanes,  and  are  shown  in 
Plates  VI  and  VII  of  Part  I  of  the  "Investigation  of  Centri- 
fugal Pumps."  Throughout  the  experiments  described  in  this 
bulletin,  the  impeller  used  remained  the  same  and.  as  may  be 
siH'ii.  l^late  I.  was  of  the  enclosed  type  with  12  radial  vanes, 
having  the  entrance  modified  by  a  suitable  curve,  to  assure 
gradual  change  of  direction  of  the  water  and  entrance  without 
shock.  The  outer  portion  of  the  metal  of  each  vane  had  such  a 
thickness  that  the  area  of  cross-section  of  the  waterways  through 
the  impeller  remained  practically  constant  from  inlet  to  outlet. 
The  impeller  was  attached,  by  counter  sunk  screws,  to  a  brass- 
casting  which  was  keyed  to  th(>  pump  shaft,  as  shoAvn  in  Plate  I. 
All  surfaces  of  impeller  and  brass  casting  were  smooth. 

In  addition  to  the  possibility  of  using  impellers  of  various 
forms,  the  pump  casing  could  also  be  easily  removed  and  one 
of  another  form  substituted.  Plate  II  shows  the  details  of  the 
circular  and  spiral  cases  used  in  the  experiments  described  in 
this  bulletin.  In  tlie  eircnlar  ease,  the  discharge  chamber,  which 
collects  the  water  and  leads  it  to  the  six  inch  discharge  pipe, 
was  circular  in  form  and  had  a,  circular  cross-section,  the  diame- 
ter being  three  and  one-half  inches.  The  ccmnection  to  the  six 
inch  discharge  pipe  was  made  by  gradually  enlarging  the  cross- 
section,  thus  forming  a  diverging  tube  having  a  length  as  shown 
of  about  thirteen  inches. 

In  the  spiral  case,  the  discharge  chamber,  as  showTi.  was  ap- 
proximately a  spiral  in  form,  the  outer  edge  of  the  chamber 
being  a  four  center  curve,  and  having  a  pitch  of  six  inches  in 
three  hundred  and  sixty  degrees.  The  discharge  chamber  was 
circular  in  cross-section,  except  near  the  beginning  or  throaty 
and  had  a.  gradually  increasing  diameter. 
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The  boiiniiuiiiL;'  of  tlio  discharge  or  collect iiii;-  chamber,  termed 
the  throat,  was  thus  nearly  cLosed  in  the  spiral  case,  the  dimen- 
sions at  this  point  being  approximately  one  and  one-eighth 
inches  by  one-half  inch  ;  while  in  the  circular  case  the  throat 
was  open,  circular  in  cross-section,  and  had  a  diameter  of  three 
and  one-half  inches. 

The  annular  space  extending  from  the  periphery  of  the  im- 
peller to  the  entrance  to  the  discharge  or  collecting  chamber, 
has  been  termed  the  vortex  chamber.  In  both  the  circular  and 
spiral  eases  experimented  with,  the  form  of  the  vortex  chamber 
remained  the  same,  being  rectangular  in  cross-section,  one  and 
one-eighth  inches  wide  and  two  and  one-eighth  inches  long. 
In  future  experiments  it  is  planned  to  modify  the  form  of  the 
vortex  chamber,  as  for  example,  to  increase  the  outer  width  and 
make  a  diverging  entrance  to  the  discharge  chamber,  and  thus 
eliminate  eddies  which  may  result  from  the  shoulder  at  this 
point. 

A  balance  chamber,  B,  was  arranged  on  the  rear  side  of  the 
impeller,  as  shown,  and  connected  to  the  suction  side  of  the  im- 
peller by  four  holes,  each  hole  being  three-quarters  of  an  inch 
in  diameter.  The  pump  shaft  was  supported  by  brass  lined  bear- 
ings having  ring  oilers. 
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ARRANGEMENT  OF  PT^MP  AND  AT'PARATUS  FOR  EX- 
PERIMENTS 

General  Arr.\N(jemext  of  Pump 

For  the  first  cxperiiiicnts  with  the  six  iiieli  liorizontal  criiti-i- 
fugal  puni]),  the  entrance  to  the  puini)  was  arranu'eil  to  l)t'  uiidrr 
suction  as  shown  on  Plate  III.  In  this  arrangement  consider- 
able trouble  was  experienced  from  leakage  of  air  into  the  pump 
through  the  stuffing  box.  and  it  was  found  necessary  to  put  tho 
entrance  to  the  pump  under  pressun^  as  sliown  on  Plate  IV. 
In  the  rearranging  and  placing  of  the  entrance  to  the  pump 
under  pr(\ssure.  as  shown,  the  25  H.  P.  (dectrical  motor,  used 
with  the  first  experiments,  ^vas  replaced  by  a  50  H.  P.  electrical 
motor. 

Weir  for  Measurement  of  Water 

The  water  pumped  was  measured  by  the  flow  over  an  eighteen 
inch  sharp  crested  weir  with  end  contractions,  the  water  return- 
ing to  the  suction  pit  to  be  repumped.  The  weir  and  weir  box 
used  were  the  same  as  used  in  previous  experiments  and  are 
described  in  the  bulletin  "Investigations  of  Centrifugal  Pumps. 
Part  I."  page  479. 

Piezometers 

In  order  to  determine  the  most  suital)le  form  of  piezometer, 
for  measuring  the  discharge  and  suctiim  heads  of  the  pump,  an 
experimental  investigation  was  madt  of  various  forms  of  pie- 
zometer. The  general  form  adopted  is  shown  by  Plate  V.  It 
was  made  of  cast  iron  and  inserted  between  the  standard  fiange 
joints  of  the  six  inch  discharti-e  and  suction  pipes.  In  the  vari- 
ous foriiLS  of  piezometers  whieli  wi  re  compared,  the  width  of 
the  annular  opening,  through  the  brass  lining  into  the  six  inch 
pipe,  was  varied,  being  ,,'.,  inch,  rh  inch,  and  n-  inch  respec- 
tively. Comparisons  were  also  nuide  between  these  piezometers 
with  annular  openings  and  one  having  four  lioles  through  the 
brass   lining,   each  hole   having   a   diameter   of   .('V    inches,   and 
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Plate  III — Expekiments  with  a  6-inch  Horizontal  Centeifcgax  Pump. 
General  Arrangement,  Entrance  to  Pump  under  Suction. 


[204] 


STEWART — INVESTKiATION    OF    CENTRIFUGAL    Pl'Ml'S — 11  IT 


\m^^mm,^< 


:205] 


IS 


mi.hK'l'IN    (tl'    'I'lIK    rNlVKRSlTV    OF    WISCONSIN 


-206] 


STEWART INVESTIGATION    OF    CENTRIFUGAL    PUMPS II  19 

located  at  quarter  points  of  the  ciremuferenee,  and  likewise 
between  the  piezometers  with  anniilar  openings  and  the  ordi- 
nary form  of  piezometer  connection,  made  by  inserting  a  ^  inch 
iron  pipe,  tiush  with  the  inside  surface  of  the  six  inch  pipe. 
Phite  III  shows  the  general  arrangement  of  the  six  inch  dis- 
charge j'ipe  foi-  making  the  comparison.  The  piezometers  were 
arranged  adjoining  each  other  and  careful  measurements  made 
of  the  variations  in  pressure  between  piezometers  by  means  of  a 
differential  oil  gage,  pror)er  allowance  being  made  for  loss  of  head 
in  the  six  inch  brass  pipe  between  centers  of  piezometers.  The 
results  of  the  investigation  showed  a  small  but  measurable  dif- 
ference between  the  various  forms,  but  for  the  purpose  in  view, 
it  was  found  amply  accurate  to  use  any  of  the  various  forms 
with  annular  openings,  and  the  form  having  such  opening  75V 
inch  wide  was  adopted  as  standard.  It  is  planned  to  publish 
the  results  of  the  investigation,  and  description  of  the  methods 
used,  as  a  separate  T'niversity  builelin. 

The  piezometers  for  measuring  discharge  head  and  suction 
head  were  placed,  as  shown  on  Plate  III  and  Plate  IV,  one  and 
one-half  feet  from  the  outlet  and  inlet  of  the  pump  respectively. 

]\Iercur,y  ^Manometers  and  Water  Gages 

It  was  desired  to  measure  the  ])r('ssure  and  velocity  at  varioiLS 
points  of  the  pump  casing,  and  in  order  to  do  so  conveniently 
a  rather  complicated  system  of  gag(»s  was  necessary.  It  was 
found  that  the  pressures  in  various  portions  of  the  vortex  were 
less  than  atmospheric  and  these  recpiired  suction  gages.  Ordinary 
pressure  and  vacuum  gages  of  the  Bourdon  type  could  not  be 
depended  on  for  values  much  closer  than  about  one  foot  and 
were  discarded,  except  for  use  as  a  check  in  certain  cases  of 
measurement  of  discharge  head  and  suction  head.  Plate  VI 
is  a  photograph  showing  the  pump  with  connections  to  water 
gages  and  mercury  manometer  iov  measuring  pressures. 
Plate  VIT  is  a  diagrammatic  sketch  showing  the  general  ar- 
rangement of  the  prcssui'c  and  suction  gages.  Referring  I0 
the  discharge  chamber,  Plate  VII.  it  will  be  observed  that  the 
points,  Nos.  1-8.  located  on  the  center  line  of  the  discharge 
chamber,   are  connected  by  rubber  tubing,  to  the  water  gages 
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Plate  VI— Vii:\v  Showing  Six  Ixch  Horizoxtal  Cextrifugal  Pimp  axd 
Arraxgement  of  Gages. 
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Plate  VII— Exi'kki.me.nts  with  a  6-inch  Houizontae  Ckntkii  r(;AL  Pr.MP. 
Sketch   Showing  Arrangement  of  Water   and   Mercury  Gages. 
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Xus.  1-8  respectively.  Tlie  })iezonicter  fur  incasuriiiji'  diseluirye 
head,  termed  point  No.  9,  is  connected  to  hotli  mercury  man- 
ometer No.  9  and  to  water  g-age  No.  9.  Provision  was  made  for 
the  admission  of  air,  under  a  common  pressure,  to  the  tops  of 
the  water  gages,  so  that  each  water  column  was  depressed  an 
equal  amount,  and  by  adjustment  of  the  air  pressure  could  be 
kept  within  the  desired  range.  The  combination  thus  formed 
a  differential  water  gage,  the  variations  in  pressure  being  de- 
termined from  the  readings  of  the  water  gages.  The  absolute 
pressure  at  each  of  the  points  Nos.  1-8  w^as  determined  by  add- 
ing to  each  of  the  readings  of  the  gages  Nos.  1-8,  the  difference 
between  the  reduced  reading  of  mercury  manometer  No.  9  and 
water  gage  No.  9. 

It  should  be  noted  that  the  center  of  the  pump  and  center 
of  the  suction  pipe  were  assumed  as  a  plane  of  reference,  and 
the  zeros  of  all  mercury  manometers  and  water  gages  for  meas- 
uring pressure  were  adjusted  to  this  level.  The  reduced  read- 
ings of  the  mercuiy  manometer  and  of  the  water  gages,  corrected 
as  stated  when  subjected  to  air  pressure,  represented  the  heights 
of  the  piezometric  water  columns  above  the  center  of  the  pump, 
at  the  various  points  where  measurements  were  taken. 

The  points  chosen  in  the  vortex  chamber  for  the  measurement 
of  pressures,  indicated  on  Plate  VII  by  Nos.  l'-6',  were  located 
three-eighths  inches  outside  of  the  inner  edge  of  the  vortex.  The 
piezometric  connections  were  made  by  holes  about  three-six- 
teenths inches  in  diameter,  normal  to  the  surface  of  the  vortex. 
Connections  to  water  gages  Nos.  l'-6'  were  made  by  rubber 
tubing  as  shown.  In  order  to  determine  the  absolute  pressure 
at  points  Nos.  I'-G'  in  the  v^ortex,  when  the  water  columns  were 
depressed  by  being  subjected  to  air  pressure,  connection  was 
made  from  point  No.  5'  to  mercury  manometer  No.  5'.  The 
absolute  pressure  at  each  of  the  points  Nos.  1^-6',  w'as  then  deter- 
mined by  adding  to  each  of  the  readings  of  the  gages  Nos.  l'-6', 
the  difference  between  the  reduced  reading  of  mercury  mano- 
meter No.  5'  and  water  gage  No.  5'. 

For  low  heads  pumped  against,  and  the  large  discharges,  the 
pressures  at  points  Nos.  l'-6'  were  less  than  atmospheric  and 
provision  was  made  for  measuring  the  pressure  by  connections 
bo  the  suction  water  gages  as  shown.     The  height  the  water  was 
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lifted  in  the  tubes  above  the  surface  of  the  water  in  the  suction 
pit  thus  represented  the  pressure,  less  than  atmospheric,  at  the 
point  of  attachment  of  the  tube  to  the  vortex. 

Suction  water  gages  termed  (0),  (a)  and  (b).  l^late  VII. 
were  used  respectively  for  measuring  the  suction  head  at  en- 
trance to  the  pump,  pressure  in  the  balance  cham])er  of  the 
pump,  and  pressure  at  point  (b),  just  above  the  surface  of  the 
water  in  the  suction  pit. 

Electrical  Instrfments 

The  electrical  instruments  used  for  measuring  the  power  de- 
livered to  the  electrical  motor,  were  the  most  accurate  and  re- 
liable procurable,  and  consisted  of  a  Laboratorj'  Standard  Volt- 
meter and  a  Laboratory  Standard  Ammeter,  each  of  the  Weston 
make.  These  instruments  were  carefully  compared  with  similai' 
laboratory  standard  instruments  belonging  to  the  Department 
of  Electrical  Engineering  of  the  University,  whidi  had  been 
calibrated  by  means  of  a  potentiometer.  These  instruments 
have  a  guaranteed  limit  of  error,  not  to  exceed  one-tenth  of  one 
per  cent  for  the  ordiuai-y  range  of  temperature.  Tlic  reason 
for  using  such  expensive  instruments,  in  place  of  the  ordinary 
instruments  of  the  portable  type,  was  the  certainty  that  the  ex- 
perimental work  would  ])e  continued  several  years,  and  it  was 
desired  to  avoid  the  necessity  and  uncertainty  due  to  repeated 
calibrations. 

In  order  to  protect  the  instruments  from  magnetic  influence 
from  the  electric  motor  which  was  about  five  feet  distant,  each 
instrument  was  completely  enclosed,  except  directly  over  the 
reading  arc,  by  a  heavy  cast  iron  case  having  a  thickness  of 
metal  of  about  one  and  one-half  inch.es. 

Pressure  and  Vacuum  Gages 

The  pressure  and  vacuum  gages,  used  for  mea.suring  dis- 
charge head  and  suction  head,  were  Crosby  water  test  gages  of 
the  Bourdon  type,  with  a  three  inch  dial.  The  limit  of  accur- 
acy of  makmg  the  zero  setting  of  the  needle  with  these  gages 
was  about  one  foot,  and  the  results  were  accordingly  used  only 

[2111 


'J4  Bl'I.T.KTIX    OF    THE    rXINTERPlTY    OF    WISCONSIN 

as   a   check    on    the    determination    of   lieads   by    more    reliable 
methods. 

Speed  of  Pump 

The  speed  of  the  piunp  shaft  was  determined  in  all  eases  by 
a  revolution  counter  of  the  positive  type.  Provision  was  made 
so  that  it  was  impossible  for  the  point  of  the  counter  to  slip 
in  the  end  of  the  shaft.  The  time  interval  used  for  taking 
speed  with  the  revolution  counter  was  one  minute,  a  stop  watch 
of  known  small  error  being  used  for  the  purpose. 
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CALIBRATION  OF  25  H.  P.  ELECTRICAL  MOTOR,  BELT 

CONNECTED  TO  SIX  IXCII  HORIZONTAL 

CEXTRIFrCAL  1M'.MI» 

This  motor  was  a  direct  current,  shunt  wound,  variable  speed 
motor,  rated  at  25  II.  P.,  made  by  the  Northern  Electrical  Man- 
ufacturing Company  of  Madison,  Wisconsin.  It  was  operated 
on  a  500  volt  circuit,  and  speeds  could  be  varied  from  650  to 
1050  revolutions  per  minute.  To  the  armature  shaft  was  keyed 
a  16-inch  pressed  pajier  pulley,  which  was  connected  to  the  14- 
incli  })ulley  on  the  |)ump  shaft  by  means  of  a  twelve  inch  double 
strength  leather  belt.  In  order  to  determine  the  actual  horse 
power  delivered  to  the  impeller  of  the  pump,  it  was  necessary 
to  run  tlie  pump  shaft  at  the  ordinary  speeds  and  loads,  and 
absorb  the  power  by  means  of  a  Prony  brake,  as  shown  by  the 
photograph,  Plate  VIII.  This  brake  was  of  the  solid  wood  block 
type,  and  was  applied  to  a  east  iron  pulley  sixteen  inches  in 
diameter  and  four  inch  face.  The  brake  had  a  twenty-four  inch 
lever  arm.  and  was  provided  with  a  knife  edge  for  transmitting 
pressure  to  a  tested  platform  scale.  The  wooden  blocks  of  the 
brake  were  of  maple,  and  were  thoroughly  saturated  by  boiling 
in  linseed  oil. 

The  impi'llcr  of  the  pump  was  removed  from  the  pump  shaft 
previous  to  the  starting  of  the  experimental  work  with  the 
brake.  Considerable  difficulty  was  experienced  in  maintaining 
a  steady  poise  of  the  scale  beam,  owing  to  the  fluctuations  in 
voltage  and  current  in  the  500  volt  commercial  powder  circuit 
which  it  was  necessary'  to  use.  The  voltage  varied  from  400  to 
500  volts  on  different  days.  While  inst-antaneous  changes  of  as 
much  as  ten  amperes  sometimes  occurred  in  current,  yet  by 
taking  averages  of  about  eight  simultaneous  readings  of  the 
voltmeter  and  ammeter,  and  discarding  observations  where 
fluctuations  of  llie  current  exceeded  about  one  ampere  during 
the  set  of  observations,  quite  consistent  results  were  obtained. 
During  each  set  of  observations,  the  scale  beam  was  kept  bal- 
nneed  In-  means  of  an  adjusting  screw  on  tlie  brake.  The  sur- 
face of  tlie  ])rake  pulley  was  kept  from  heating,  by  maintaining 
in  the  usual  manner  a  circulation  of  cold  water  on  the  inside 
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surface  of  the  i)iilley.  The  pump  shaft  was  ruu  at  the  two 
speeds  1,100  and  1,300  revolutions  per  minute,  and  values  of 
the  brake  horse  power  determined,  which  corresponded  to  the 
electrical  horse  power  or  power  delivered  to  the  motor.  A  suffici- 
ent number  of  observations  were  taken  at  each  speed  to  cover  the 
required  range  of  load,  and  to  show  the  effect  of  change  of 
voltage.  Previous  to  the  tests  with  the  Prony  brake,  the  motor 
and  pump  Avere  run  light  and  values  of  the  power  required 
were  determined  for  various  voltages. 

Tables  I  and  II  are  sunnnary  sheets  showing  the  results  of 
the  observations  for  the  two  speeds.  Each  of  the  power  read- 
ings of  voltmeter  and  annneter  represents  the  mean  of  eight 
readings.  Tlie  observed  weight  on  the  platform  scale  included 
a  small  weight  resulting  from  the  unbalanced  arm  of  the  brake. 
This  unbalanced  weight  was  determined  by  balancing  the  brake, 
when  placed  in  a  horizontal  position,  over  a  straight  edge  pass- 
ing through  the  diameter  of  the  sixteen  inch  circle  and  perpen- 
dicular to  the  line  from  the  center  of  the  circle  to  the  knife 
edge.  This  unbalanced  weight  of  the  arm,  foimd  to  equal  1.3 
pounds,  acting  through  the  line  of  the  knife  edge,  was  sub- 
tractrd  fi'oni  the  observed  weigiit  on  the  scale  and  the  remain- 
der was  termed  the  "Cori'ected  weight  on  scale." 

The  electrical  liorse  power,  or  power  sui^plied  to  the  motor, 
was  obtained  by  dividing  the  pi'oduct  of  the  amperes  and  volts 
by  746. 

The  brake  horse  power  termed  "Horse  power  input"  was  de- 
termined by  the  formula 

^'-  "■  ^■- "153000^' 
where  n  ==  revolutions  pei-  minute,  1  =  2.00  =  len,utli  of  brake 
arm  in  feet,  and  W  =-=  corrected  weight  on  scale  in  pounds. 

Plate  IX  shows  graj>bically  the  results  of  the  brake  test  of 
the  25  IT.  P.  motor,  lines  having  been  drawn  to  represent  the 
results  for  three  values  of  the  voltage  400.  450  and  500.  Each 
of  the  separate  sets  of  observations  is  shown  liy  circles,  while 
the  figures  inside  the  circles  represent  one-tenth  the  value  of 
the  voltage.  Till'  oi'dinales  ■'P>rake  lioi-sc  ])ower."  represent 
the  power  that  would  be  delivered  to  the  imi)eller  of  the  pump 
for  certain  values  of  the  ''Electi-ical  horse  power." 

Fill-  a  clieck  on  the  results  obtained  by  the  abovt^  nn'thod  of 
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determining  the  power  input  to  the  pump,  the  value  of  the 
field  current  was  measured  in  some  cases  (See  Tables  XIV- 
XVII),  and  values  of  the  power  input  determined  by  the 
"Stray  power  method"  (See  Part  I  of  Investigation  of  Cen- 
trifugal Puiiii)s.  page  480).  The  resistance  of  the  armature 
including  brush  contacts,  brushes  and  leads  was  0.17  ohms,  cold. 
The  results  by  the  two  methods  agreed  within  a  few  per  cent, 
and  showed  that  the  values  used  were  sufficientl}'  accurate  for 
the  purpose  in  view. 

TABLE  I. 

Summary  Sheet;  Calibration  of  25  Horsk  Power  Electrical  Motor 

Belted  to  Six-Ixcn  Horizontal  CENTRiFUG.iL  Pump. 

Diiimotor  of  Pulloy  on  Motor  =  16  inches. 
Diameter  of  Pulley  on  Pump  =  14  inches. 

Speed  of  Pump=  1,100  Revolution.s  per  Minute. 


No. 

'■'■  ^ 

Power    Reading'. 

C 

, 

1.1 

a  ° 

iu 

Time. 

.r^-i 

Si~ 

O 

i  5 

<S 

t  i. 

5:.30 
5:35 
5:40 
5:00 

K.  P.  M. 

Aniiw. 

Volts. 

E.  H.  P. 

Lbs. 

B.  H.  P. 

July    5 

2 
3 
4 

1.115 
1.117 
1.121 
1.0i»3 

5.74 
5.69 

5.11 

5.64 

486.8 
503.7 
491.4 

400.  S 

3.74 
3.83 

3.81 
3.03 

11:45 

5 

1 .  OSti 

5.29 

393.2 

2.78 

11:50 
0:57 

0 

1 .  0V»7 
1.115 

5.26 
10.30 

40S.4 
447.5 

2.86 
6.16 



June  '.^2 

5.4 

2.28 

10:27 

S 

1,110 

14.3 

463.5 

8.86 

11.5 

4^87 

10:33 

y 

1.120 

15.5 

448.3 

9.32 

13.9 

5.97 

10:40 

10 

1.112 

19.2 

412.0 

10.60 

18.0 

7.65 

10:47 

11 

1.125 

21  9 

435.9 

12.80 

22  2 

9.. 55 

10:53 

12 

1.116 

25.6 

402.0 

13.80 

?5!6 

10. IX) 

10:57 

13 

1.121 

26.2 

427.3 

15.00 

28.7 

11. '.10 

11:00 

14 

1.125 

29.3 

411.0 

16.15 

21.9 

13.66 

1 1 :2S 

15 

1.135 

35.4 

401.4 

19.00 

37,2 

16.30 

11:35 

16 

1.148 

32.0 

424.5 

18.20 

34,7 

15,30 

1 1  :.57 

17 

1.134 

17.3 

432  7 

10.01 

16,0 

6.96 

12:03 

iS 

1.098 

16.5 

441,5 

9.75 

15,3 

6.45 

12:07 

19 

1,(«> 

12.7 

443.5 

7 .  55 

^>A^ 

4.56 

12:15 

20 

1.110 

10.1 

462 . 4 

6 ,  25 

{i.^ 

2.82 

June  23 

2-57 

21 

1 ,  los 

12.9 

3S9  7 

6,73 

8.4 
3.9 

3.. 55 
1 .  65 

3:05 

22 

lllO!) 

9'i 

408!  4 

4^98 

3:25 

23 

1.102 

17.9 

444  2 

10.65 

17.9 

7.54 

3:34 

24 

1.100 

24.6 

423.2 

13.95 

26.6 

11.18 

4:20 

25 

1.117 

2:^.6 

3S9.5 

12.30 

21.7 

9.28 

4:35 

26 

1.092 

21.4 

387.5 

11.08 

19.6 

S.l!> 

4:40 

27 

1.992 

17.6 

409.4 

9.65 

15.9 

6 .  65 

4:45 

28 

l.Oi'5 

13.7 

409.8 

7.53 

10.8 

4.. 54 

4:55 

2i) 

1.108 

10.2 

4.33.5 

5.92 

6.3 

2.68 

.luly    .'5 

10:30 

30 

1.142 

28.2 

415.6 
431 . 1 

15  70 

2S.6 
27.6 

12,. 50 
12.20 

10:50 

31 

K150 

26^9 

15!  52 

11:00 

?2 

1.155 

26.7 

426.4 

15.25 

27.4 

12.15 

11:15 

33 

1.134 

31.4 

420.9 

17.70 

.33.3 

1 4 .  45 

12:00 

34 

1,140 

40.2 

430.1 

23.15 

45.7 

19.!>6 

12.05 

.35 

1.140 

41.1 

424.7 

23.40 

45.8 

20.40 

12:10 

•''•' 

1.1411 

41.4 

426.8 

23.60 

47 . 5 

20.70 

KcriTfiiL'e  Xos.  U6.  pfoiiy  liraUe  i-einoviMl.  motoi-  and  puini)  shaft  riinniiii. 
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TABLE  II. 
SlMMUlV    ShKKT:    (AMlUtATION    OF   25   HORSK    PoWKR    El.ECTBICAr,  MoTOH 

Bki.tku  to  !Six  Inch  Horizontal  Centrifugal  Pu.Ml^ 

Diameter  of  Pulley  on  Motoi— 10  inches. 
Diameter  of  Pullev  on  Pump=14  inches. 

Speed  of  Pump=1300  Revolutions  per  mmut.-. 


Time. 


July  U. 
Julys.. 


J    no  25. 


June  26. 


June  27. 


June  28. 


June  30. 


July: 


Julys. 


12:00 
11:55 

5:15 
4:40 
4:35 

4:43 
5:05 
5:10 
5.20 
5:25 

11:27 

11 :27 

11:27 

12:10 

12:10 

2:00 

3:25 

3.40 

5:45 

4:18 
4:40 
4:40 
5:15 

P:15 
9:25 
9:30 
9:35 
9:35 
10:10 
10:25 
i0:25 
10:50 
12:05 
12:05 
12:05 
12:05 

10:10 
10:55 
10:18 
10:30 
12:00 

4:20 
4:37 
5:25 

9:40 
10:10 
10:30 
10:40 
10.45 


R.  P.  M. 


2t5 
27 
28 
29 
30 
31 
32 
33 
34 
35 
30 

37 
38 
39 
40 
41 

42 
43 
44 

45 
46 

47 
48 
49 


Power  Readings. 


J^o 


Amps. 


1,308 
1.307 

1.309 
1.313 
1.300 

1.303 
1.314 
1,314 
1,317 
1.315 

1.277 
1.293 
1.317 
1,304 
1.319 
1.342 
1.315 
1.315 
1.312 

1.318 
1,330 
1,335 
1.337 

1.312 
1.328 
1,325 
1.327 
1,330 
1.326 
1,318 
1.331 
1,335 
1.340 
1.340 
1.313 
1.340 

1.337 
1.337 
1,323 
1,323 
1.308 

1.326 
1,340 
1.323 

1,355 
1.329 
1.333 
1,.348 
1,343 


Volts. 


5.90 


6.27 
6.51 
6.52 

8  7 
14.1 
15.8 
18.3 
20.1 

12.2 
14.2 
17.0 
17.2 
19.3 
25.5 
29.1 
35.7 
25.9 

21.1 
20.3 
20.4 
20.4 

11.0 
14.7 
17.6 
17.3 
21.5 
22.5 
28.4 
26.9 
.37.4 
38.4 
35.9 
43.7 
42.6 

16.8 
21.9 
37.1 
35.6 
39.6 

23.9 
40.0 
47.2 

44.8 
30.7 
29.0 
29  2 
45.5 


r^« 


E.  H.  P. 


393.6 
402.5 

469.8 
448.0 
457.2 

426.1 
440.8 
451.4 
455.0 
456.0 

404.0 
412.0 
424.0 
402.2 
400.8 
399.0 
416.5 
398.0 
444.0 

428.6 
425.2 
432.1 
443.0  I 

469.0 
462.6 
465.0 
464.0 
437.2 
448.3 
421.7 
441.5 
372.3 
437.0 
44^.5 
424.1 
437.5 

494.0 
.459.7 
399.3 
424.8 
385,2 

421.5 
405.0 
403.6 

391.4 
391.0 
407.8 
401.7 
386.0 


S  >^  w 


Lbs.     B.  H.  P. 


3.11 
3.23 

3.95 
3.91 
4.00 

4.97 

8.34 

9.55 
11.14 
12.30 

6.60 

7.82 

9.65 

9.25 
10.35 
13.69 
16.25 
19.10 
15.40 

12.10 
11.55 
11.82  • 
12.10 

6.93 
9.13 

10.98 
10,78 
12.60 
13.53 
16.05 
15.91 
18.68 
22,50 
21.45 
24,90 
25.00 

11.10 
13.50 
19.89 
20.25 
20.41 

13.50 
21.70 
25.58 

23.50 
16.10 
15.85 
15.70 
23.55 


3.4 

9.5 
12.2 
14.9 
17.4 

5.6 
8.2 
11.8 
11.7 
14.1 
19.5 
25.2 
21.6 
23.6 

16.7 
16.1 
16.4 
17.0 


10.1 
14.5 
13.8 
18.4 
19.3 
25.0 
24.2 
29  2 
35.6 
33.7 
41.3 
40.4 

13.0 
17.9 
32.1 
32.1 
33.0 

19.4 
33.7 
43.9 

37.2 
24.0 
23.3 
23.1 
36.4 


1.69 

4.83 
6.14 
7.51 


2.74 
4.07 
5.95 
5.85 
7.14 
10.00 
12.^0 
15.90 
11.90 

8.42 
8.20 
8.40 
8.70 

2.. S3 
5.15 
7.35 
7.03 
9.36 
9.84 
12.60 
12.30 
14.90 
18.25 
17.30 
20.80 
20.75 

6.67 
9.17 
16.?*' 
16.28 
16.50 

9.88 
17.30 
22.30 

19.40 
12.22 
11.90 
11.^ 
19.40 


» Reference  Nos,  1 


5  prony  brake  removed,  motor  and  pump  shaft  runnmf 
[218] 


•lijrht. 


STEWART — INVESTIGATION    OF    CENTRIFUGAL    PUMPS — II         81 


CALIBiJATIOX    OF   Tx)    II.    P.    KLECTRIC   :\IOTOH,   BP:LT 

COXXECT^D  TO  SIX  INCH  HORIZONTAL 

CEXTRIFrOAlj   IM\MP 

This  motor  was  a  shunt  woiuul  variable  speed  motor,  rated  at 
50  II.  ]*..  made  by  the  Northern  Electrical  ^lannfaetnring-  Com- 
pany. The  motor  was  o[)erate(l  on  a  500  volt  circuit  and  speeds 
could  be  varied  from  500  to  1,000  revolutions  per  minute.  To 
the  armature  shaft  was  keyed  a  28  inch  pulley,  which  was  con- 
nected to  the  14  inch  pulley  on  the  pump  shaft  by  means  of  a 
twelve  inch  double  strength  leather  belt. 

The  same  Prony  l)rakL'  and  general  method  of  calibration  was 
used  for  this  motor  as  for  the  25  II.  P.  The  pump  shaft  was 
run  at  the  three  speeds,  1,100,  1,300  and  1,465  revolutions  per 
minute.  Table  III  is  a  summary  sheet  showing-  the  results  for 
the  three  speeds.  Plate  X  shows  graphically  the  results  of  the 
brake  test  of  the  50  H.  P.  motor.  The  variation  in  brake  horse 
power  for  a  given  electrical  horse  power,  due  to  a  variation  in 
voltage,  was  very  slight  for  this  motor.  An  attempt  was  made 
to  determine  this  variation  but  with  little  success,  and  lines 
representing  only  average  results  for  each  speed  have  been 
drawn. 
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TABF.E  III. 
Sr.MMAKY  Sheet;  Calibration  op  50  Horse  Powkh  Electrkal  Motor 

BELTED  to  SIX  INCH   HORIZONTAL  CENTRIFUGAL  Pu.VIP. 

Diiimetcr  of  pulley  on  motor  =  28  inches. 
Dianietorof  pulk'v  on  pump  =  li  inciio.s. 


Time. 


Refer- 
ence 
No. 


Revo- 
lutions 

per 
minute. 


R.  P.  M. 


Power 

readin(js 


■    0)  C 

¥ 

bid) 

be- 

cS  1^ 

f^S 

a>  3 
>  -J 

^K 

<; 

< 

AmpH 


Volts. 


Elec- 
trical 
horse 
power. 


Cor- 
rected     Praiie 
weiti-ht  I    liorse 
on       I  power. 

scale.    ; 


E.  H.P.        Lbs.     B.  II.  P 


Speed  of  Pump  =  1120  Revolutions  per  Minute. 


March  30 

9:27 

1 

1.121 

10.5 

442.6 

6.24 

3,7 

1.58. 

9:37 

2 

1.120 

13.9 

435.8 

8.13 

8,7 

3.72 

0:53 

3 

1.120 

17.5 

430.8 

10.10 

13,7 

5.85 

.10:00 

4 

1.130 

21.4 

420.9 

12.26 

18,7 

8.  Os- 

10:13 

0 

1.120 

25.2 

418.5 

14.16 

23,7 

lo. 18 

10:25 

6 

1.113 

29.3 

410.6 

16,10 

28,7 

12.18' 

10:35 

t; 

1.142 

.34.4 

397.1 

18.40 

33,7 

14.70 

10:43 

8 

1,092 

34.1 

388.3 

17.75 

33.7 

14.00' 

10:52 

9 

1.132 

3t.O 

403.7 

18.40 

33,7 

14..55- 

10:58 

10 

1,120 

38.1 

396.0 

20,22 

38.7 

16.52 

11:15 

U 

1,151 

43.0 

398.2 

22,95 

43,7 

19.20 

Man-li  ;51 

2:48 

12 

1.151 

7.72 

407.8 

4,84 

Speed  of  Pump  =  1300  Revolutions  per  Minute. 


March  3 

1 1 .  45 
11:55 

1 

o 

1,279 
1.327 

10.3 
14.5 

437.2 
433.3 

6,03 
8,41 

3,7 

8,7 

1,80 

4,38 

12:00 

3 

1.308 

18,6 

435.2 

10,85 

13,7 

6,85 

12:05 

4 

1,322 

23,5 

432.3 

13.60 

18.7 

9,42 

12:10 

5 

1.2S)7 

27.0 

436.1 

15.80 

23  7 

11,70 

12:18 

6 

1.307 

32,0 

42t.7 

18,22 

28.7 

14,30 

12:25 

7 

1.319 

37,0 

425.1 

21,10 

33:7 

16,90 

12:30 

8 

1.328 

42.4 

418.2 

23,80 

38.7 

19,60 

12:35 

9 

1.305 

32.0 

428,4 

18,40 

28,7 

14,30 

12:40 

10 

1.291 

22,4 

438,9 

13,20 

18,7 

9.20 

March  31 

3:05 

11 

1 .  303 

7.. 32 

462,2 

4.53 

Speed  of  Pump  =1,465  Revolutions  per  Minute. 


Mar<-h30. 


March  31. 


3:16 
3:30 
3:45 
5:20 
5:30 
9:45 
9:53 
10:00 
10:12 
10:20 
10:45 
3:20 


1.455 
1 . 4.59 
1.475 
1.439 
1.462 
1.460 
1,488 
],4l}4 
1.4iX) 
1.480 
1.474 
1.4l)3 


11,5 
21,7 
25,7 
19,5 
24,4 
18,1 
23,5 
28,5 
34,5 
40,0 
46,7 
7,8 


424.9 
411.5 
430.8 
467.3 
458,3 
435,8 
429,2 
42S),0 
418,6 
412,4 
.398,9 
467.3 


3.7 
13,7 

18,7 
13,7 

18,7 

10.  r 

15.7 
20.7 
25.7 
30.7 
35,7 


2,05 

7,63 

10,50 

7,48 

10,40 

5.93 

8,86 

11,50 

14,55 

17,30 

20.00 
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DERIVATION     OF      EQUATION     FOR     TOTAL      HEAD 
PUINIPED  AGAINST  BY  A  CENTRIFUGAL  PUMP 

'i'lic  t'iii'r;^y  (»!'  thr  wain-  per  unit  Wfi^lil  at  any  point  in 
passing  through  llic  pump,  is  ('(pial  lo  tlio  sum  of  the  separal*; 
energies,  due  to  position,  jiressure  and  velocity.  The  horizontal 
plane,  through  the  c(niter  of  the  inipt41er  of  the  pump,  may  be 
conveniently  taken  as  the  plane  of  reference  of  zero  potential 
energy.  The  total  head  pumped  against,  or  developed  by  the 
pump,  is  equal  to  the  difference  between  the  energy  of  the 
water  per  unit  weight  at  the  outlet  of  the  pump,  and  the  energy 
of  the  water  per  imit  weight  at  the  inlet  to  the  pump.  If  a 
pressure  gage  is  connected  to  the  discharge  pipe,  at  or  near  the 
outlet  of  the  pump,  and  placed  at  the  same  elevation  as  the 
point  corresponding  to  which  the  total  energy  is  desired,  the 
energy  due  to  position  will  be  represented  by  the  height  of  the 
center  of  the  pressure  gage  above  the  center  of  the  pump,  or 
plane  of  reference ;  and  the  energy  due  to  pressure  will  be  rep- 
resented by  the  reading  of  the  gage.  If  a  piezometer  is  con- 
nected to  the  discharge  pipe  at  or  near  the  outlet  of  the  pump, 
and  the  pressiu-e  is  measured  by  an  open  water  colunm  or  mer- 
cury manometer,  which  have  the  zeros  of  their  gages  adjusted 
to  the  center  of  the  pump,  or  plane  of  reference,  the  reading  of 
these  gages  would  represent  the  sum  of  the  energies  due  to 
both  position  and  pressure.  The  height  of  the  actual  or  com- 
puted piezometric  water  eolunni  above  the  center  of  the  pmnp. 
may  conveniently  l)c  termed  the  discharge  head,  h^, .  The  total 
energy  per  unit  weight  of  water  at  the  outlet  of  the  pump,  is 

equal   to    the    discharge    head.  Ii^,   plus    the    velocity    head  :^' 

due  to  the  velocity,  v,  in  the  discharge  pipe  at  the  point  of  meas- 
urement of  the  discharge  head. 

Plate  XI  is  a  sketch  showing  two  conditions,  entrance  to 
pump  under  suction  and  entrance  to  pump  under  pressure.  AB 
represents  the  surface  of  the  water  m  the  suction  pit ;  CF  rep- 
resents the  discharge  head,  and  CF'  the  eneroy  at  the  outlet  of 
the  i)ump. 

The  energy  per  unit  weight  of  water  at  the  entrance  to  the 
])ump.  is  also  made  uj)  of  the  sum  of  the  energies  due  to  position, 
pressure  and  velocity.     Tlie  energy^  due  to  the  velocity,  v'.  in 

[9991 
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LiMi  of  neacf  /^  vtrficaf  p'p€  and  tlbc^^ 


ENTRANCE  TO  PUMP   UNDER  PRESSURE. 


•gy    a'  Oij 'le t  of  p^'^p 


J  Los^  of  head  ir  vertical  pipe  onsi  e/bOA 


Cenrer  line  of  Oump^  assumed  us  ^ 
ref  plane  of  zero  potential  enerq  y 


Veloofy  head  >^  suction  pipe 
Loss  of  head  m  teri.caf 
J.  suction  pipe  and  elbc^ 

i  ( T  horizontal  sui  fion  pipe 


ENTRANCE  TO  PUMP  UNDER    ^UCT/O/V. 


Pr..VTi';  XI — Em'ki  i.MK.NTs  WITH  A  (;-i.\(  II   !I(>KiZ().\TAi.-Ci:.\ri;ii  1  (,.\i,  I'imi' 
Sketch   to  Accompany  Discussion   of   Total    Head   Pumped   Against. 

I  22.S  I 
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the  suction  ]>i])('  is  ('(inal  to  tlic  velocity  licad.  _^  .  and  is  al- 
ways positive.  The  energy  due  to  position  will  be  either  posi- 
tive or  ne.uative,  depcndinu'  on  whether  the  point  of  measviro- 
ment  of  the  suction  head.  i.  e.,  location  of  piezometer  in  the 
suction  pipe,  is  above  or  below  the  center  of  the  punip.  The 
energy  due  to  invssure,  measured  at  the  location  of  the  piezom- 
eter in  the  suction  i>ipe.  may  be  either  positive  or  negative 
and  depends  on  a  variety  of  conditions;  if  the  elevation  of  the 
water  in  the  suction  pitl  is  greater  than  the  elevation  of  the  piezom- 
eter, by  an  ani(»unt  exceeding  the  total  loss  of  head  plus  velo- 
city head  in  the  suction  pipe,  then  the  enerfrv  at  the  piezometer 
due  to  pressure,  will  be  positive,  and  vice  versa.  The  sum  of 
these  energies  due  to  position  and  pressure,  may  conveniently  be 
termed  the  suction  head.  h,.  In  Plate  XI.  the  piezometer  on 
the  suction  pipe  is  at  the  same  elevation  as  the  center  of  th-:' 
pump.  s:o  the  energy  due  to  position  is  zero.  In  the  upper  half 
of  the  plate  the  energy  due  to  pressure  =  -|-  CE  -=.  h^ :  while  in 
the  lower  half,  the  energA*  due  to  pressure  =:  —  CE  =  h^.  The 
value  —  CE  is  indicated  in  the  plate  as  being  measured  by  a 
suction  water  gage,  in  which  the  water  is  lifted  to  a  height  equal 
to  CE  by  atmospheric  pressure,  when  connection  is  made  to  the 
piezometer.  A  vacuum  gage  of  the  Bourdon  t^-pe.  placed  at 
the  elevation  of  the  center  of  this  piezometer.  Avould  also  indi- 
cate the  same  value  of  the  pressure.  —  CE.  The  values  of  pres- 
sure energy,  or  suction  heads.  +  CE  and  — CE.  are  both  seen 
to  lie  below  the  total   energy  lines,  entrance  to  the  pump,  by 

the  amount  of  the  velocity  head,   —  ■     It  is  evident,  then,  that 

the  real  or  absolute  value  of  the  pressure  of  tiowing  water  on  a 
pipe,  whether  under  a  pressure  greater  or  less  than  atmospheric, 
is  decreased  by  an  increase  in  the  velocity  of  the  water  in  the 
pipe ;  and  also  that  readings  of  pressure  and  vacuum  gages,  or 
suitable  gages  connected  to  piezometers,  simply  indicate  numeri- 
cal values  of  these  pressures  above  or  below  the  atmospheric 
pressured 


'  Tliis  oxplnnatjon  hns  been  friven  somewh.Tt  in  detail  in  order  to  clear  up 
a  confusion  that  has  recentl.v  arisen  in  regard  to  the  interpretation  of  reading 
of  jrages  on  suction  pipes.  See  Statement  Am.  Soc.  C.  E.  Vol.  LIV.  Part  C, 
pai'e  405:  "I'^  is  fcnerall.v  accepted  that  on  a  pipe  flowing  under  pressure  a 
piezometer  will  indicate  all  the  head  except  the  velocity  head.  On  a  suction 
pipe,  however,  a  piezometer  gives  the  total  head  on  the  pipe,  including  the 
velocity  head." 
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The  total  energy  per  vmit  weiulit  of  water,  at  thr  ciitraiiee  to 
the  pump,  therefore,  is  represented  by 

The  total  head  pumped  against,  termed  h,  must  be  equal  to  the 
difference  of  the  energies  per  unit  weight  of  water  at  the  outlet 
and  entrance  to  the  pump,  and  is  given  by  the  equation, 


^^  =  ('^.>  +  ^)  -  (''^  +  Q' 


or 


where  hs  is  negative  for  entrance  U  pump  under  suction,  au'l 
positive  for  entrance  to  pump  under  prt'ssur(\  If  the  dischariie 
pipe  and  suction  pipe  are  of  the  same  diami'tcr.  tln'  iMpiatioii  re- 
duces  to 

h  =  hj,   -  hs  . 

AVith  the  entrance  to  the  pump  under  suction.  Plate  XI  shows 
that  the  value  of  the  suction  head.  lu.  is  >^iveii  by  the  reading 
of  the  suction  water  gage  and  numerically  is  equal  to  the  dif- 
ference of  level  between  the  water  in  the  suction  pit  and  the 
center  of  the  pump,  plus  all  losses  of  head  in  the  suction  pipe 
including  entrance  loss,  plus  the  velocity  head  in  the  suction 
pipe  at  the  t  ntranee  to  the  pump. 

If  it  is  not  cjinvenient  to  n^'er  readings  of  discharge  head  and 
suction  head  to  the  center  of  the  punq:»,  an  arbitrary  plane  of 
reference  may  be  assumed,  and  account  takcMi  of  tlie  difference 
in  level  between  tlie  points  of  measuring  the  discharge  li(>ad  ami 
suction  head. 
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(iFA"i-:i;.\i>  MK'nioi)  of  making  observations 

Ai)i)lyin.ir-  the  iMjuatinii  Ini-  Idtal  In  ;kI  pumped  auaiust  to  the 
experimental  results  with  the  six  inch  pump,  it  is  noted  that  the 
suction  pipe  and  discha.rg:e  pipe  are  of  the  same  diameter;  also 
that  the  readings  of  the  discharge  head  and  suction  head,  as 
explained  under  the  deseriiition  of  piezometers,  are  referred  to 
the  center  of  the  pump.  For  the  entrance  to  the  pump  under 
suction,  the  total  head  pumped  against  is  therefore  equal  to 
the  sum  of  the  numerical  values  of  the  discharge  head  and  suc- 
tion head.  For  entrance  to  pump  under  pressure,  the  total 
head  pumped  against  is  equal  to  difference  of  numerical  values 
of  th.e  discharge  head  and  suction  head. 

The  discharge  head  was  measured  by  an  open  mercury  manom- 
eter, connected  as  shown  on  Plates  III  and  IV  and  checked 
by  reading  of  a  Bourdon  pressure  gage.  With  the  entrance  to 
pump  under  suction,  the  suction  head  was  measured  by  suction 
water  gage  No.  0.  as  shown  on  Plates  III  and  XI.  and  checked 
by  the  reading  of  a  vacuum  gage ;  with  entrance  to  pump  under 
pressure,  the  suction  head  was  measured  by  an  open  water  gage 
as  sho^^'n  on  Plate  IV. 

The  head  on  the  weir  was  measured  by  a  hook  gage,  reading 
to  ten  thousandths  of  a  foot,  the  hook  being  placed  in  a  still 
water  ba.sin.  as  shown  on  Plates  III  and  lA^. 

The  speed  of  the  pump  was  kept  constant  through  all  the 
ranges  of  head  pumped  against,  the  head  being  regiilated  by 
means  of  the  six  inch  gate  valve  in  the  discharge  pipe. 

The  length  of  each  experiment,  speed  of  pump  and  head 
pumped  against  remaining  constant,  varied  from  five  minutes 
to  one  and  one-half  hours,  usually  lasting  about  one-half  hour, 
the  experiment  being  continued  until  certain  that  normal  con- 
ditions of  flow  were  taking  place.  The  gate  valve  was  then 
changed  and  the  experiment  mad?  at  some  other  head,  the 
speed  remaining  the  same.  The  head  first  pumped  against  was 
usually  the  lowest  head  obtainable  (gate  valve  wide  open),  and 
this  was  increased  in  five  feet  intervals  to  the  maximum  head 
which  the  pump  holds  up  without  any  deliver%\  the  gate  valve 
then  being  elosed.  The  speed  was  then  changed  and  another 
"series  of  experiments  made. 
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Each  set  of  observations  at  any  one  head  oeeu])ied  an  inter- 
val of  from  five  to  ten  minutes.  Two  persons  were  necessary 
in  taking  the  observations.  Whilr  one  observer  was  taking 
the  speed  of  the  pump,  the  other  recorded  the  head  (in  weir, 
discharge  liead  and  sueticm  head  of  the  pump.  Tlu'  power 
readings  were  then  taken  by  both  observers.  (Mght  simultaneous 
readings  of  the  voltmeter  and  amiiK'tcr  being  taken  in  order  to 
eliminate,  as  much  as  possibh'.  tln'  existing  tluctuations  in  the 
power  eircnit.  Readings  of  speed  of  |)uiiip.  head  on  weir,  dis- 
charge head  and  suetion  liead  wei-e  then  repeated  as  (piickly  as 
possible,  thus  completing  the  one  set  of  observations.  Sucli 
auxiliary  observations  of  pressures  in  the  discharge  chamber 
or  vortex,  were  then  taken  as  desired.  The  obsen^ations  at  the 
one  head  and  speed  were  continued  until  certain  that  nornud 
conditions  of  i\ow  existed  and  snfticient  data  were  obtained  to 
definitely  determine  the  forms  of  the  curves  of  discharge  and 
etficicMiev. 
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TABULATED  RESULTS  OF  EXPERIMENTS  WITH  SIX 
INCH    HORIZONTAL   CENTRIFUGAL   PUMP 

The  following  Tables  IV,  VI,  VIII-XXII  give  a  suniniary  of 
the  results  of  the  actual  observations  with  the  pump  having  the 
circular  case  and  the  spiral  case,  under  various  conditions. 
Each  of  the  values  recorded  for  speed  of  pump,  head  'On  weir, 
discharge  head,  and  suction  head  represents  averages  of  two 
readings,  while  each  of  the  values  for  power  represents  an  aver- 
age of  eight  readings.  Readings  of  pressure  in  the  discharge 
chamber  and  vortex  are  single  determinations. 

It  was  considered  unnecessary  to  give  the  original  data  as 
taken,  as  average  results,  in  some  respects,  would  be  better  for 
reference.  The  original  data  have,  however,  been  filed  in  the 
office  of  the  Department  of  Hydraulic  Engineering  of  the  Uni- 
versity, and  are  accessible  to  any  one  who  desires  to  consult 
them. 

Following  each  of  the  tables  giving  data  in  regard  to  the  act- 
ual observations,  will  be  foimd  a  summarj^  sheet  (see  Tables  V, 
VII,  IX-XXIII)  giving  the  results  of  the  experiments  with 
averages  and  computations  for  the  previous  observation  sheet. 
The  data  of  each  summary  sheet  are  shown  graphically  (sec 
Plate  XII )   by  the  following  curves : 

1.  Curve  showing  relation  of  total  head  pumped  against  to 
discharge. 

2.  Curve  showing  relation  of  total  head  pumped  against  to 
efficiency. 

3.  Curve  showing  relation  of  total  head  pumped  against  to 
horse  power  output. 

4.  Curve  showing  relation  of  total  head  pumped  against  to 
horse  power  input. 

The  power  delivered  to  the  pump  was  determined  from  the 
electrical  horse  power  by  means  of  the  curves  of  calibration  of 
the  25  H.  P.  and  50  H.  P.  electrical  motors,  and  has  been  termed 
"brake  horse  power"  or  "horse  power  input."  During  the 
calibration,  or  brake  tests,  of  the  25  H.  P.  and  50  H.  P.  elec- 
trical  motors,  a  number  of  observations   were   made   with  the 
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impeller  in  place  on  the  pmnp  shaft  to  determine  if  the  friction 
of  the  impeller  on  the  surrounding  metal  surface  was  measur- 
able. This  friction  of  the  impeller  was  practically  zero,  so  the 
"horse  power  input,"  represents  power  delivered  to  the  inipelb^r 
of  the  pump. 

The  horse  power  output  is  eciual  to  the  weight  of  water 
pumped  per  second,  multiplied  by  the  total  head  pumpiMl 
against  and  the  product  divided  by  550. 

The  efficiency  of  the  i)iuiip  was  taken  as  equal  to  the  ratio"  of 
the  horse  power  output  to  horse  power  input. 

The  following  is  the  order  in  which  the  data  from  the  obser- 
vations and  summary  sheets,  showing  results  of  computations, 
are  given: 

Table  IV.  Observation  sheet;  discharge  chamber  circular  in 
form,  entrance  to  pump  under  suction,  air  leakage  condition 
No.  1,  speed  of  pump  1,120  revolutions  per  minute. 

Table  V.  Summary  sheet  for  above,  results  plaited  on  Plate 
XII. 

Table  VI.  Observation  sheet;  discharge  chamber  circular  in 
form,  entrance  to  pump  under  suctian,  air  leakage  condition 
Xo.  1.  speed  of  pump  1.275  revolutions  per  minute. 

Table  VII.  Summary  sheet  for  above,  results  platted  on 
Plate  XII. 

Table  VIII.  ()l)servati<)n  sheet;  discharge  cltambcr  circular 
in  form,  entrance  to  pump  under  suction,  air  leakage  condition 
Xo.  1.  speed  of  pump  1.250  revolutions  per  minute. 

Table  IX.  Summary  sheet  for  above,  results  for  efficiency 
not  platted.  Pressures  in  discharge  chamber  and  vortex  platted 
on  Plate  XVIII. 

Table  X.  Observation  sheet;  (lischargc  cha)iibcr  circular  in 
form,  entrance  to  ])ump  undei-  pfssuri .  speed  of  pumj)  1,120 
revolutions  per  minute. 

Table  XI.  Summary  she(>t  for  above,  results  i)Iatted  on 
Plate  XII. 

Table  XII.  Observation  sheet;  discharge  chamber  circular  in 
form,  entrance  to  pump  umler  prrs.^urr,  speed  of  j>ump  1.300 
revolutions  per  minute. 
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Table  XIIT.  Smimiary  slieet  for  above,  results  platted  on 
Plate  XII. 

Table  XIV.  Observation  sheet;  dischargi  cltamher  spiral  in 
form,  entrance  to  pump  under  suction,  sligiht  air  leakage  condi- 
tion No.  2,  speed  of  pump   1.120  revolutions  per  minute. 

Table  XV.  Sununary  sheet  for  above,  results  platted  on 
Plate  XIII. 

Table  XVI.  Observation  sheet :  discharge  chamber  spiral  in 
form,  entrance  to  pump  under  suclion,  sliijrht  air  leakage  condi- 
tion No.  2.  speed  of  pump  1.290  revolutions  per  minute. 

Table  XVII.  Summary  sheet  for  above,  results  platted  on 
Plate  XIII. 

Table  XVIII.  Observation  sheet;  clischarge  chamher  spiral  in 
form,  entrance  to  pump  under  pressure,  speed  of  pump  1.120 
revolutions  per  minute. 

Table  XIX.  Summarj^  sheet  for  above,  results  platted  on 
Plate  XIV. 

Table  XX.  Observation  sheet;  discharge  chamber  spiral  in 
form,  entrance  to  pump  under  pressure,  speed  of  pump  1.300 
revolutions  per  minute. 

Table  XXI.  Summary  sheet  for  above,  results  platted  on 
Plate  XIV. 

Table  XXII.  Observation  sheet;  discharge  chamber  spiral  in 
form,  entrance  to  pump  under  pressure,  speed  of  pump  1.500 
revolutions  per  minute. 

Table  XXIII.  Summary  sheet  for  above,  results  platted  on 
Plate  XIV. 

Abbreviations  and  Foot  Notes  for  Tables 

The  following  abbreviations  and  foot  notes  apply  throughout 
the  tables  referred  to  above: 

'■  Eepresent-i  water  gages  closed  at  top  and  subjected  to  air 
pressure. 

°  Represents  water  gages  open  at  top. 

t  (Prefixed  to  time  of  making  observation),  represents  dis- 
charge valve  closed,  and  i»iiiiip  hohling  up  given  head  without 
any  water  being  delivered. 
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Siiiiis  (  —  ),  usi'd  ii)  coiiiifft  idii  with  water  Liases  oi)eii  at  top. 
indicate  pressures  below  atmosplieric  pressure,  and  is  the  pres- 
sure at  the  point  of  attachment  of  the  water  ga^-e  to  the  pump. 

Siirns  ( — ■).  used  in  connection  with  water  gages  closed  at 
top.  indicate  iiegative  readings  on  the  gage  scale. 

Keadings  of  Bourdon  i)ressure  gage,  for  approximate  deter- 
mination of  discharge  liead.  liave  been  correctf'd  for  difference 
of  elevation  between  center  of  gage  and  center  of  suction  pipe. 


[231] 


44 


BriJ.ETIN    OF    THE    UNIVERSITY   OF   WISCONSIN 


1-3   O 

<  5 


U  - 

S 

o 


H 

CJ 

U 

t3 

(TJ 

x 

K 

K 

£|^ 

n 

p<=> 

S!; 

>< 

t:j 

a 

S5« 

go 

t. 

"a 

F- 

'-b 

>  o 

u 

M  a 

5    5 

=  s^ 

H  •<  O 

'•■'-■     ■<-^a 
:«^>' 

O  03  *< 

i-i  ^'■^ 

z  a  c 
r^  ^ 
s  g  z 

en       f 
O  X  to 

OS  {^ 

i  c 

■i  Ed 

*  a, 

O  i 

SO 
BiB 

£? 


--  C/i 


JilWa   .IO)T!A\    JO 


■'I  'OM 


qiui!H.>  •|i!(l.i()j  "i!  -ov; 


"  ^  ^  H  O  2  -C 
„  P  -H  w  &.  •<  - 


•w^m 


•w^T 


BJJcoS 

o£^§> 

C5     O 


•9  -OK 


•c-oM 


•8 -ON 


o    O"^ 


I  OM 


K  as   . 
oge 

i,  H  « 

„  z;  P3 
swS 

3  tJ  fe 

z  <;  c 

Sp» 
<:  c  z 


•8 -ok 


■ON 


■9 'ON 


■Q-ON 


•t  -oivi 


•£'ox 


•S  -OK 


■I -ON 


a1 


="3 


^  3  5  OJ 


m^ia 


■IJ8T 


aSeS 


•6  'OM 


■^S'eS  a.inssa.ij 


'0  ■o>i  aJ^BS 
.lajBAV    pBaq    uouong 


■(-?Jno.iam  jo 
saqDui)    pBaq    uoiiong 


MieM  uo  pBaij  aSB.iaA  V 


nn^  nco 


t~i-i--it- 


O  M  fO  t  -  Ol 

U  ci  -;  — '  «  - 


(Tl  CI  t-  -JS  O 
iJ  fO  M  ci  M  C-1 


>n  CO  CO  -i  00 
o  oj  « crj  «3  m 


t^  tft  -^  -^  »c  iri 


63  P  ce 
fe  •<  3 


I\[  "a  aSB.iaAV 


•jua.i 
-.ino  aSB.iaAV 


■ainniui  .laa  auina 
JO  uo!;nioAa.i  aSB.iaAV 


[282 


O  -^  a  --O  »  ^-^ 


35 -^i*  T*»  »ft  l^ 

^frt  CO-*  coco 


o  -*  in  CI  CO 
^  —  d  -i  o  o 


---Oin^ 

:  ■*  CO  co" 


•-0  irt  '^  irt  if5 


•J  a-,  o  --o  t- 


(NuO 


X5  —  CO 


OO  t^  30  GC  '-O 

oo  ooo 


CI  CI  CI  CI  CI 


—,-<*•-»*'  tni— 


1.0(^0  0  .,o 

CO  so  •*  •*'  ■*' 


--0  -3  -O  -S  t- 


00  ■*  CI  o  o 


Ci  00  ^  l^  tiO 
CI  CI  00  to  t— 


CI  F-OO  00  00 


-n  00  CO  in  o 


CI  CI  CI  CI  Cl 


t^  -^  -i  o  o 

—  ■—  CI  CI  CI 


l^  t~  -i  30  3.  CO 

O  — -Hcicioco 


-*  -o  Si  t-  in  ci 
O  .n  uo  lO  in  in  -o 


1  oo  X  -^  w - 

j  co'  CO  CO  co' 


.  3i  Si  -n  T. 
:'  CO  CO  co'  CO 


.oo'-O'-D  in 
I  ci  CI  CI  CI 


oin 

^coco 


tn  in  in  in 

CO  CO  CO  CO 


CI  CI 

odd 


Cl  CI  CO  ^ 

d  d  d  d 


co'  -*  'O  ■*' 


coin- 
'  in  in  1 


Odd- 


d  d  d  t^ 


>  d  d  -d 


CI  CI 

'in  in 


cico-#-* 
»n  in  in  in 


05  O  03  00  O  35 

■^  ^  ■»*'  -^  in  -^ 


OV  C.  OS  O  T.  S3 

•^  -^  --O  t-  -i  -i 


CI  »—  CI  CI  CI  c 


00  00 

co'co' 


00  oo  00  oo 
m  CO  CO  CO 


)  -i  -i  to  --O  --D 


-  in  t- 1- 1^ 

s  in  in  in  in 


to         o  o  CI  in  in  o   I  o 

t-  0-*35CI-hSJ        — 


8S^ 


oinin 
ci'^'co 

--  CO  CI  'O 
CO-l-^CO 


CI  CI  CI  CI  CI  CO 


I    3 


!dd 


in^ 


P  J.  in  d  o  lA  in     ''i 
^  o  «  CO  "^  in  1-1 

gd  o  ddo^ 


STE\V.\irr — IXVESTIGATIOX    OF    CENTRIFUG.VL    PUMPS — II 


45 


O 

-3.7 
-3.8 
-3.7 
-3.7 

co 

MMMI    MM! :    MMMM; 

0 

-2.9 

-2.9 

-2.8 

ci 

MCOCOCOCOM 

". 

1.43 
1.45 
1.43 
1.44 

■* 
■* 

1.(2 
1.02 
1.03 
1.  2 
.02 
1.03 
1.03 
l.il 
1.02 

o 

CO 
Cl 

d 

t- 1- 1-  -x>  t~  t- 

b- 

to  to  to  to 

^ 

§§S!='5?'5Slg 

■* 
o 

Cl 

Cl  Cl  Cl  Cl  Cl  CJ  Cl  Cl  Cl 

(~  -o  t~  T*  —  in 

oco  — —  cj  — — ■ 

O 
Cl 

CO  to  ■*  CO 

d 

t-.  O  CO  UO  Cl  -r).  to  --  to 
y  ^  1(5  Uti  1(5  -*.^  •*  CO  co' 

1(5 
■* 

■--t- 

o 
-17.7 
-19.2 
-1H.6 
-18.5 

x"            • 

o  =■- 1-  ^  CO  Cl 

CO 

CIOCICI 

O  TjJ  -H  ■*  -* 

Cl 

-*' 

to  C  —  -♦       CO  <~  o  to 

■*' 

y^ 

o 

-8.0 
-8.9 
-8.2 
-7.4 

00 

U  'l'  C)  CJ  CO  Cl  CJ 

0-*-*l(5uO-<l<^^COCO 

Cl  i~.  -o  .n  Cl  CO 
:;  •*  ci  Cl  CO  Cl  ci 

Cl 

ci 

O  lo'  O  1(5  U5 

CO 
1(5 

OCll^OiOX  —  U533 

o  CO  CO  CO  -*  ci  ci  co'  — '  — 

ci 

c- 

uco 

COiO  — o 

o-#  ■*■*■* 

■* 

1 

C.  Cl  -:»•  lO  X  30 

^ 

-*  Cl  -*  to 

O  lO  1(5  115  lO 

■* 
1(5 

X05CI-*  —  -rtOCl^ 

^ 

o^ 

■*cor-.- 
O  ■*-*'■*'  -* 

■* 

y  no  ■* 'I" -* 'f' CO 

IJCICICOCOCICICI  —  — 

O  00  t— CO  — ^  CO 
U  t- 1(5  lO  -O  lO  ifi 

K5 

Cl  o  *  to 

•Oi.O^-LOi.O 

CO 
1(5 

O  ■*  to  O  lO  X  Cl  t-.  o 
O  U5  U5'  1.0  d  -*  ■*"  <(5  co'  ^ 

Cl 

-* 

v^ 

O  t-  Cl  Cl 

O  CO  ci  Cl  ci 

Cl 

1 

O  35        CO  =-.  O 
'^  CO  CO  CO  CO  CO  ^' 

lO 

co' 

CO    ;00 
^  co'    1  CO  CO 

CO 

X  O  —  Cl  lO  -o  1  -  t-  — 

-  Cl  CO  CO  co'  CO  co'  co'  co'  ^ 

CO 

CO 

=^ci 

•o  to  t-  lO 

®  CO  CO  co'  CO 

to 

co' 

CT.  to  o  to  Cl 
^  CO  >*  it5  CO  -*' 

y  o  o  o-  o'  — '  — • ' 

d 

to 

t-  t-  C-.  —  Cl  CO  lO  to  o 

-J  d  d  d  —'—'  —  —  —'  — 

- 

CO 

X  CICOCO 

toococi 

y  d  — '  Cl  d  d 

00  t-  00  rt  30  — 

ci 

"      jtOO. 

^  ci    ;  --  -> 

X 

C-OC'  —  Cl-*-*Xt^O 

1(5 

Cl 

^ci 

■*•*  Xl- 
^  CO  CO*  C^  CO 

to 
CO 

Cl  to  Cl  O  00 

TJ 

CO  CO  CO  Cl  — 

—  Cl  j:  -o  C0 1" 
'■^  CO  Tf'  ci  CO  ^  ^' 

^ 

^  co'    •  CO  co' 

CO 
CO 

cvoj— ico-*toi^xo 

■* 

Cl 

'■Jci 

Cl  CO  t^  to 

Ouo'.o'.o'i.o' 

■* 

_  O  — OCI  X 

'-'  I.O  i.o'  lO  CO  ci 

Cl  Cl  CO  -o  Cl  -*• 
^  ■*  1(5  "^  ^-  I.O  lO 

X 

-* 

•J  to'     JLo'ti 

d 

^  ci  ci  ci  CO  CO  CO  CO  CO  CO 

.-o 

Cl 

'-^ci 

Cl  — tOTf 

d 

Cl  X  X  to  ■* 
'■'  U5  1(5  i.o'  CO  CO 

K5  t-  O  02  C~.  O 
^■*i(5iO*-iOtD 

CO 
UO 

_    C-.     ;  CO  1(5 

to 
d 

CO 

Cl 

CO  Cl  to  to 

-* 
d 

.  .  -*  Cl  Cl  Cl 

O  CO  tc  ■*  CO  -o 
^  ■*  ITS'*-*  1(5.  o' 

■* 

CO      .XX 

-^  to      ;  .O  I.O 

o 
d 

■*  I.O  X  O  -^  Cl  'l-  •*•  (^ 

-  ci  ci  ci  co"  CO  CO  CO  co'  d 

co' 

■-^ci 

^  d  lO  I.O  uO 

.(5 

_     30  XO  — CO 

■■^  d  UO  d  .*  ■♦ 

Cl.(5i-<-.OC-. 

■* 

^-r    J-^-ici 

■* 

CO  CO  uO  X  C-.  O  Cl  CO  o 

Cl 

'-^ci 

—  O  lO-C 
3  uO  lO  i.o'  lO 

U5 

cOTjit^ci 

-  1.0  d  ..o"  CO  ■* 

1.12 
1.10 
1.08 
1.12 
1.10 
1.10 

o 

1.23 
1.23 
1.21 
1.21 

s 

00  X  i- 1-  lO  O  1^  lO  Cl 

OO'XXCXX^XXOO 

d  o  d  d  d  d  d  d  d 

X 

d 

o 

1.50 
1.49 
1.49 
1.49 

^ 

1.19 
0.98 
0.85 
0.76 
0.(« 

SSfeSSS 

o 
ci 

1.94 
1.94 
1.94 
1.95 

?iS?i?iSfT?;?;S 

X 

ci 

^^ 

1.69 
1.70 
1.69 
1.69 

3 

to  to  O  UO  00 

t;;  X  Cl  o  .-^ 

Cl  Cl  Cl  Cl  Cl  Cl 

CICICICI  Cf  Cl  CI  ClCl 

—  —  -^  Cl  Cl 

O  00  O  .-0  33  O 

^- 

C-.     •  I.O  to 
^  CO    •  CO  co' 

t^ 

co^-o  XO  —  CICII- 

-  co'  co'  co'  co'  CO  -»•-*■'  ^  -*' 

co" 

-ci 

Cl  Cl  Cl  Cl 

Cl 

■*' 

lO  Cl  00  to  to 
'-'-rui  d  ■*'  d 

13.5 

13.7 
14.0 
13.0 
13.5 
13.5 

i-O 

co" 

10.5 
10.5 
11.0 
11.0 

X 

19.5 
19.0 
•20.0 
•20.0 
20.0 
20.0 
■20.0 
20.0 
20.0 

X 

o 

l-t- into 
co'  co'  co'  CO 

to 
d 

7.5 
13.0 
14.5 
17.0 
21.5 

•.£>  to  l^  -O  -O  -.O 

o  -*  .*  ^  ^  -j^  *' 

1    1    1    1    1    1 

to 
-* 

O 
-5.6 
-5.5 
-5.4 
-5.4 

UO 

1.0 

o 

-2.8 
-2.8 
-2.8 
-2.8 
-2.8 
-2.8 
-2.8 

-2  9 

X 

to 

Oci 

T*>-*CO^ 

O  to  to  d  d 

d 

0 
-5.6 
-4.7 
-4.4 
-4.5 
-3.7 

o  ooocoooc 
■*  -"li  •*  CO  «  co' 

'A 

oooo 

o_ 

2.4 
2.3 

Cl 

oooo 

1(5  I.O  1(5  i-i 

o 

I.O 

to  «  t-  uO  O 

■*  •*'  co"  co'  CO 

4976 

5048 
5055 
4931 
4955 
4975 

2 

.5362 
.5378 
.54'24 
.5460 

1 

».e 

c»CO-f  r   71 '  '  -   ~.  ~f 
to  '^  1  -  -      ■  A  -.  r.  z> 
X  X  X  r  r.  /■   -r   r  ^ 

ClCl  ClCl  CICICI  CI  CI 

1 

S 

i809' 
9809' 
0SI9' 

X 

5545 

5080 
4805 
4488 
40.33 

«  Cl  to  00  Cl  o 

-* 

CO 

430.6 
4'25.6 
450.6 
460.2 

■*«■*  —  X^  CI -*o 

'5 

CO 

o 
1 

323.6 
362.2 
391.2 
383.2 

o 

O  to  X  Cl  Cl 

o  c;  CO  CO  Oi  lO 

22.9 
24.1 
25.3 
22.9 
•22.4 
■22.4 

CO 

CO 

lO  to  -*■  .o 

d  d  d  to  d  d  d  d  d 

d 

<" 

X  O  lO  X 

1(5 

15.6 
'24.2 
23.4 
22.1 
20.2 

1080 
1120 
1135 
llit5 
1105 
1110 

•* 

1101 
1102 
1110 
1110 

g 

Illl 
1117 
1116 
1120 
1137 
1131 
1126 
1129 
1118 

B 

= 

11 '27 
1150 
1137 
1138 

g 

cicic 

S§ 

■  CO  CO  CO  to  CO  00 


O  O 
ii  Cl 
ri       -" 

d  to  CO  c 


.  o  —  cS  CO  ■*  •*" 

~  '-  r:co o oi 


-O— CiCO-^- 


'OiO 


cc  r 


^^cocodd-^f-i.-t 


:233] 


■;  1(5  oi  11 

a— Cl 
^  T*.  •*  ..I*. -.* 


U5  ""  b-i-ClXuio 

lo  T?  t:  t:  ?l  ^ 


4(i 


HILLKTIX    OF    THE    UNIVERiSlTV    UF    WISCONSIN 


a; 

c-  5 

s 

-,  Z 

r; 

iJ     r- 

"+3 

<     O 

2 

O  :3 

r^ 

pS 

1 

^  c 

> 

«  ^' 

•— ' 

Eh  a> 

W 

-.   '1' 

H 

1-3  — 

^^ 

>5  — 

o 

N 

« 

o 

w 

hvl 

O 

^ 

.irijUiW  JO  ;tii!p«'>>l     i- 


•qiuBii.)  [cq  aoj  "e  -ox; 


K  ^  S  w  s:  3"- 


•jq.^ia 


•w^^ 


'-  S  ^  c  '^ 

£  fc  -.  B  &! 
P  3.  O  P  O 

o    o 


•9  -OK 


•c  -OK 


S   ov^ 


0    ox 


"I  "OK 


■fi  'O^I 


^p5 


-"< 


"i  'OX 


•9  -OK 


•C    -OX 


t  "ON 


•8  -OK 


■S  'OK 


•I  -ox 


•iqsia 


S  o  g  I  j     -^jaT; 


■()  "OK 


•aSB^  e.inssa.ij 


■-C  —  --s  z,  ■*  -^  re  tft  - 
t,  o  -H  —  ci  (m'  CO  CO      c 


"0  'OX  aSBJS 
.lai'BAv    pBaq    uoiions 


■(A.inoj<5iu  JO      I    £ 
saqoui)    pBaq    uoiiong  |   m 


OCIir5OXCiCC»r^-^3530 
'  W  C^l  (m'  CO  (M  CO  CO  CO  CO  (M  ^1 


o;  Oi  o  CM  •-  CO : 


;  in  m  3;  t- 

CO   ■*■«* 


iMr-cr.  >.o>n-«"co-*eo«o 
•'  ■*  ->*  CO  M  CO  CO  CO  CO  co'  'O  to 


CO  C'l  O  O  «.0  '^  ■*  rt"  CM  ^  oi 

'  ^-*  T(^  Co"  CO  Co'  CO  CO   '  lO  o 


CO  C'i  O  O  t-  ■*  ^t-  -(*4  CM  to  t^ 

^  ■>*<  -<1-  ■*'  CO  CO  CO  ?^  CO  co'  -*'  -*' 


:o  -*  o  ts  -i-  X  o  o  -o  CO  CO 
in  in  m  in  in  in  -o  t- 1-  co  ^i 

O  O  i  O  O  ci  O  o"  O  —  -H 


c;  a:  o  lO  to  o  c^  o  jC  in  t^ 
^  in  in  to  in  in  in  ^  'rt'  CO  CO  CO 


o  in  o  o  in  in  o  o  o  o  in 

CO  Co'  ■^'  CO  CO*  M  Cl  O  GO  CO  CO 
CtCl  Ol  CM  CI  CI  CM  CI  — 


aoGOCiaocoocQOcocoxjo 
CM  ci  CO  n  M  ci  CI  c(  ct  '*'  in 


■jiaM  uop^aq  ajgBjaAy  I   fe 


incit-i c(x  c:  c<-:c 


B3   I 
OH  z: 


'W  a  aSBjaAV 


00  o  to  CI  to  3-.  —  -*  —  ci  3; 

CM  c^  ci  00  00  in  c^i  CO  CO  ^*  in 
_      -;to-*co 


^^  O  —  CO  CO  Ci  i^  to  to  -*  CO 


•jua.i 
-.ino   aSBjaAv 


■*  ci  —  3:  o  to  in  in  -*  t^  CI 

00  t—  in  O  CM  3;  00  t^  t:^  CJ  to 


■aiiiuiiu  .laa  cuund 
JO  uoijnpiAa.i  aSu.iaAV 


■    .    I      to  ^(^coci  o  "  in  M  to  o 


^  c;  to  -^  t;^  ;p  ct  c"-  CO  X  CO  2 
o  lO  lO  in  mm 


btici: 


o  o  -^  ?i  tri  M  ^ 


[234; 


STEW.VRT — IXVESTIO.VTIOX    OF     rEXTKIFrO.M.     PTMI'.^ II  47 


^.        OS  g 


t^      si 


o 
pi 


?:•-  5r 


S  ;: 

-  J 

k^ 

^< 

K 

^  a 

s 

I? 

?> 

< 

z  - 

<-^ 

>< 

=    z 

y-'^ 

■?  < 

^— 

t_x 

s;  E^ 

;? 

o^ 

12  J 

H 

o<: 

'<5 

^° 

c- 

Si 

Kin     »» 

1     -t 

^ 

cc 

sj  s; 

H 

r1  W    O 

J 

& 

aa 

«     -J 

W 

P.-y 

«    fej 


c     i^     1^ 


X       3        X 


1 

•q  "OX  ajiUui  IB  a.inssa.1,1 

± 

•«  'OK 
aSca    Mjnss.ud    .idqunuj.)    oouucbjt 

^ 

E-Z     . 

z  z  >( 

■<'^  a 

a  iZ 

0) 

ii 

"5 

•.V  -QX  a.3BJ4  .lOJ 

ja^ainouBiu  .V.ino.ian 

il 

- 

oc           ?l     • 

•*    '■ 

+           : 

•  .9  -OK 

b 

u'-^'t    0"^    -w'^'*.    0'*:  : 

—  C»5               Tl              CICC              0      • 

7    ++       : 

■Q  OX 

~ 1                 1       ++           : 

■  S  "OX 

-7           ro  ..'5          m          ea  -^           ui    • 

-  1                  !       ++            : 

■.3  OX 

■fox 

1       ++           : 

S5 

aj 

5c  si 

hi 

—  H 

u 

•8  -OX 

•I  ox 

^    1   "do      "0       "c 

"'       ~  —  o> 

■9  ox 

fa  1  '-'<^ic_:     =^-     ■-, 

•c  -ox 

faJMcc          .r:          ms;          ceo 

•t  'OX 

•s  -OX 

fa         0  in          :3      ~  1.-5  ^      ~  -.c  .-c 

"S  'OX 

fa      ~  in  0         ■£      "  ^'  ^      "  :o  m 

•I  ox 

fa   1  "^^      ^-n      "^"2      ^'*'2.' 

•A-ouapiya 

1      in-           01         30             — 

1       «                M           «                cc 

■;na;no  jaMoci  as.iOH 

i.    1       00                cc           I-                t- 

•puo.^es  .i3([  jaoj  .)!((n,T  ■oAiiin.isiy 

^              ^          tq              ^ 

Mio.w  no  pu^H 

r\'§.         =       -■         '^ 

•puoq  iT!)ox 

^'1     J          =       1          2 

c 

•.laiaiuoHuui  .v.in.).iai\; 

(i  ox  aSuJS  jaiB  ,\V 

^  1  •-^^-    =^-  -:^    ^.i; 

•aj(\!J!  a.inssa.i(i 

fa  1     cc          '^'       2          2 

■Q  'OK  ai?B;?  .lejiiAV  ])«.iii  uoipns 

ft:         ■*             -o         -*             .n 

-         1            i         !            1 

•  ;n(Un  .ioavocI  osJOff     — 

2           i!        -•           £ 

1 

Mo.wfMi  os.ioq  luoi.iioaia 

K 

cc        'j3      ii        =^ 

S  z 
So 

A'  -A 

A    K   aa.-ni.iOAV 

_yi           ~;                0           -r                 r. 

[00          IT       2          z;. 

•]tM.i.iu.)  aj'^B.iaAV 

E 

-a;               'i-           cc               -»• 
•*              oc          r-'               cc 

•oimiuu  .lacl  suojjniOAda 

Ij   I       1!     3      J 

•o.\^  aoua.ioja^ 

—                     MM                     -d 

^ 

•s. 

"in 

5  i;     i^  3^ 

.n-      •.=  - 

•Tec 

[235] 


48 


BULLETIN    01'    TIIK    I'NIVERSITY    OF   WISCONSIN 


2  «« 


•q 

•o>j  ajtma  ju  o.uissj.ij    ^ 

"7 

aaua  "9 

.inssajd  jafiaiT!ii.>  a.nmiBH  |fc<         :  : 

1 

■"  w 

KB    . 

KM  0 

1 

CD 
1 

■  9  -OK  .>/t«3  .lOJ 

.ia;aiuoiiBtu  iV.mo.ionj 

g 

;0> 
•CO 

:iq 

-.9  -ON 

« 

0*^=? 
■*« 

00 

1 

& 

•,C  -ON 

±4 

■*co 

1 

o 
b 

-.£  -ON  j  g 

0=^'-= 
S 

1 

o 

D 

•,0-ON  |g 

1 

M  'ONI  jg 

1 

O 

<: 

EH 

o    ■ 

C  cc 

Cfcffl 

gZB3 

O 
1 

1 

■8  -ON  1  g 

era  05 

CO 

crao^ 

-♦ci 

ira>n' 

•i"OJs[ 

g 

,,  !MCO 

IMtO 

7 

oera 

-4d 

oie>i 

■9  'OM  1  g 

o'^^ 

--^ 

Mcra 

ed  -' 

era'-; 

era  era 

c 

■S-ON  |fa 

— 't-^ 

NtO 

0^. 

in 

in  00 

incJ 

in  in 

•t  'OxV     g 

era  03 

010 

-2 

inci 

ifseo 

in  in 

o 

•8 -ON    g 

CCGi 

■-Ti 

--0 

doJ 

d^ 

dd 

craci 

0     •     ■ 

in  00 

in  era 

'£■£  ■ 

1^ 

■I  -ON  1  fc 

0     °. 

«2 

0^ 
in 

moo 

mera 

■nin 

<  W 
S 

■.YouapHja    ^ 

IN 

0 

8 

era 

era 

•incHno  .i^AVOd  asjOH  1  ^ 

0 

0 
0 

a: 

era 

era 

•puooas  Jaa  jaaj  otqno  -aSJUitosia  | 

0 

g 

0 

CO 

•   9 

_: 

•0 

•jiaM.  uop^aH    S        « 

i 

00 

CO 

^ 

0 
•* 

1        1      a 

00 
00 

0 

era 

i-^ 

§ 

o 

«p    - 

GDI— 1 

•ja^araoaBin  jJjnojam 

fa 

0 

'i 

-* 

i-^ 

era 

in 

'6  'OM  aSBS  jai'BAV  1  £ 

0°^ 

era 

0^. 

o~. 

o*-'. 

"0 

in 

O 

00 

•aS-BS  a.inssaid^  |  g 

00 
2 

0 
to 

era 

t-^ 

era 

••* 

•0 

•051  aSBS  aaiBM.  p^aii  norpng 

fa 

1 

°7 

1 

°1 

1 

N 

•'Hiclni  jaAvod  asJOH 

« 

CO 

00 

d 

- 

;:: 

d 

d 

•.laAvocT  asjoii  iBoiJioaia 

fa 

CO 

1 

in 

-* 

d 

2 

d  K  a  aSE-iaAV 

0 
> 

id 
era 

d 
5< 

0 

•^ua-uno  aSBJaAV 

a 

< 

0 

t^ 

0 
era 

CJ 

^ 

ia 

•9inu{in  jadsuoianiOAaa 

S3 

B 

TZ 

S 

I1 

« 

N 

•o>4  aouajajaa 

0 

•0 

^ 

00 

C-. 

0 

s 

EH 

1" 

i  : 

Stn 

< 

01 

[236] 


STEWART — INVESTIGATION    OF    CENTRIFrGAE    PUMPS II 


49 


030 


00  to 
<m'o 


mo 


ot- 

NO 


oo 
cioi 


O'JO 

ojo 


!£>CO 


00^ 


c-t  o 

co-< 


core 


MO  crioJ 


mo 
cc^- 


ctzoi         CO  o 


com 
m'l-i 


^-H         mc2 
COCJ  cot-^ 


OJCO 

CVO 

com 

.ram^ 
m'« 

■O  X 

mov 

coci 

m  o 
m"t-^ 

o 

o 

CO 

■^-^ 

CO-* 

CO» 

!M..O 

0-- 

^"m 

0  3C 

CO  — 

•^-** 

CO  — 

cocj 

cot-| 

in 

CI 
4/5 

-*o 

._,  o  — 
^'co 

V  *"'^.  '^. 

"  CO  5J 

CO;;^ 

m  — 

coo 

CM  00 

m 

o2 

CO 

-o 

^ 

"^ 

t- 

•'^ 

o 

ji 

o 

o 

o 
2 

oi 

!3 

CO 

I- 

•* 

CJ 

— 

m 

— . 

o 

m 

00 

« 

S5 

<M 

in 

m 
cj 

?? 

m 

§i 

o 

— 

c^ 

-*■ 

■* 

-* 

z> 

■n 

•* 

t~ 

■i 

-I- 

m 

*« 

^. 

^ 

^ 

00 

•^ 

1^ 

lO 

lO 

■* 

■* 

-^ 

~ 

~ 

C-l 

I'l 

cc 

=> 

•o 

Cl 

■i 

o 

— 

•* 

— 

Cl 

o 

o 

ro 

CI 

— ; 

Ci 

1/5 

5 

^ 

"* 

'* 

f 

-J- 

"* 

-J. 

^ 

"- 

M 

■>»> 

CI 

-^ 

o 

i 

-JS 

.(5 

»re 

-f 

,- 

£.' 

O 

00 

1^ 

ire 

— 

Cl 

o 

00 

1^ 

^1 

~ 

" 

d 

c. 

o 

^. 

t« 

m 

c=* 

^H 

^J 

-i- 

- 

- 

- 

- 

- 

- 

- 

-■ 

-■ 

- 

- 

o 

-' 

i  cl. 


[237] 


50 
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TABLE  Vr. 

OBSERVATIONS  WITH  A  SIX  INCH  HORIZONTAL  CENTRIFUGAL  PUMP. 
ENTRANCE  TO  PUMP  UNDER  SUCTION.  (Air  leakasre,  condition  No.  1.) 

1)isciiau(;e  Chamber.  Form  CiRcrrLAR.  Cross  Section  Circular  34'  Diamktkr; 
Throat  (»PEN  3!'  Diameter.  Vortex:  Rectangular  in  Cross  Section  (H.x^J  ) 
Impeller:  12  Vanes,  Radial  with  Entrance  Curved,  Area  of  Cross-section 
of  Waterway  Practically  Constant. 

Speed  oi"  Pump  1275  Revolutions  per  Minutk. 


Time. 


May  17,  1906. 

3:50 

4:00 

4:05 

4:10 

4:15 

4:20 

4:25 

4:30 

4:35 

4:40 

4:45 

+4:50—4:53.   . 
4:55-5:00.... 

5:05 

5:13 

5:20 


■- 

1 

X 

Power 

^  -^ 

Readings. 

i:  3 

2  —* 

c;o5 

<u  a 

«5h 

^r  3 

bCO) 

ht   .' 

£5-= 

a>  a 

>.3  c 

>  o 

>W 

< 

< 

< 

R.P.M 

Amp. 

Volts. 

1273 

33.0 

383.2 

1275 

27.1 

384.4 

1282 

30.4 

385.4 

1279 

27.2 

384.6 

1274 

26.0 

378.4 

1273 

21.8 

413.0 

1275 

29.4 

405.8 

1283 

16.5 

411.6 

1279 

14.0 

419.0 

1289 

12.2 

401.8 

1293 

12.1 

407.4 

1285 

9.5 

379.4 

1252 

39.3 

340.2 

1243 

40.0 

363.6 

1259 

42.1 

353.0 

1256 

44.5 

342.6 

be   ■ 


Ft. 

.4860 
.3882 
.4460 
.4018 
.3857 
.3300 
.2942 
.2274 
.1798 
.1366 
.1204 
.0000 
.5858 
.6087 
.6189 
.6194 


In. 


4.9 
3.0 
3.3 
3.0 
2.9 


2.4 
2.3 
2.3 
2.3 
5.0 
5.3 
5.3 
5.5 


3  i' 


Ft. 


Discharge  Head. 


Ft. 


26.0 
30.0 
27.7 
30.0 
30.5 
31.0 
32.0 
32.0 
31  0 
29.5 
29.5 
26.5 
15.8 
5.0 
4.0 
3.5 


Ft. 


Mercur.v 
manometer. 


Left.   Right. 


Ft. 


Ft. 


2.34 

0.47 

2.52 

0.38 

2.80 

0.74 

2.86 

0.72 

2.88 

0.70 

2.90 

0.68 

2.94 

0.63 

2.95 

0.62 

2.92 

0.64 

2.87 

0.71 

2.87 

0.70 

2.72 

0.86 

2.35 

1.26 

1.96 

1.67 

1.90 

1.72 

1.91 

1.72 
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TAHLF.   VII. 

SUMMAin'  SHEET:   KESEETS  OK  EXPEItlMENTS  Wmi  A  SIX    IXdl    llDlM- 

ZOXTAL  (^ENTRIFEGAE  I'C.Ml'. 

EXTR.VNCE  TO  IM'.MI'  IXDER  SUCTION.     (Air  Icaka^'.'.  condition  No.  1.) 

niscH..vR(;K  Ch.amuf.r.  I'oini  Ciucri-Au.  Choss-Section  Cntcrr.AH.  .".r  Diamkter: 
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IX. 

ZONTAL  CE\TKIFr(;  \L  IM'MP.     EX  I  RA\<-E  T( »  ITMI'  ('M)EI{  SFCTIOX. 
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TABLE  XII. 

()H-;ERVATI0XS  Wiril  six   \SC\l   IlOlilZOXTAL  CENTRII'CCiAL  IH'MI'. 
ENTRANCE  To  IMMI>  INDER  PRESSURE. 

PlSCHARCE  CHAMBEK.    FOKM    Ci  K(  [JI.AK.  Cu:  )SS-SECTI0N    CIRCULAR.    'SV    DlAMETEFt: 

Throat  Ope.v.  :>*  Diameter.  Vorte.x.  Rectancjui.ar  in  Cross-Sectio.n 
(Uxi').  iMPEiii.ER.  12  Vanes.  Radial  With  Entrance  CnRVEu:  Area  ok 
Cross-Section  at  Waterway  Practically  Constant. 

Speed  of  Pump,  1300  Revolutions  Per  Minute. 


3  a 
oE 

?  =  ? 

Power 
Readings. 

c 
o 

«3 
■'  ^ 

Discharge 
Head. 

Time. 

St: 

ir  = 

cs  ^ 

9  - 

c.  o 

—   T. 

O  r- 

Mt^rcury 
manometer. 

nil 

Left. 

Right. 

R.P.M. 

Amps. 

Volt.s. 

Ft. 

Ft.          Ft. 

Ft. 

Ft. 

April  S,   liKiS. 
5:10    b-]b 

1.304 
1.303 
1 .  297 
1.298 
1.302 
1..303 

36.9 
3ii.5 
3i).7 
31.2 
27.5 
28.5 

481. C 
481.5 
403.2 
402.4 
470.4 
4.53.8 

6.735 
6,410 
5.840 
5.2.30 
4.610 
4  ti(15 

o 

1.0  4.03 

o 

1.5         4.34 

o 

2.1  4. .52 

2.8         4.70 

o 

3.5         4.90 

3.5         4,90 

2.90 
2.55 
2.33 
2.13 
l.'l 
1.91 

0 
5  0 

April  s.   lifOs. 
5:20—5:30 

April  8.   liHiS. 
9:10-it:^0 

April  8.   I'.iOS. 
9:23-9:33 

April  8.  IMS. 
9:37-9:50 

.\pril  9.  1908. 
9:55—10:08 

o 

5.9 

o 
6.5 

o 
7.4 

o 

8.3 

o 

8  3 

1.302 
1.302 
1.302 
1.300 

28.0 
23.9 
1   .2 
9.5 

401.6       i.M7 

3  5         4  no 

1.91 
1.83 
1.83 
2.17 

o 

8  3 

April  9.  I'.tOS. 
10:10- 10:30 

465.0 
4.53.0 
4.50.4 

3.890 

2,iH!5 

OJO 

o 
4.1 

o 
4.5 

o 
5.4 

4.98 
4.98 
4.67 

% 

April  9.  1908. 
10:30—10:38 

o 
9.0 

April  9.  1908. 
+10:40—10:50 
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TABLE  XIII. 

SUMMARY  SHEET:    RESULTS   OF  EXPERIMENTS  ON  SIX  INCH  HORIZONTAL  CEN- 
TRIFUGAL PUMP.    ENTRANCE  TO  PUMP  I  NDER  PRESSURE. 

Discharge  Chamber,  Form  Circitlar,  Cross-Section  CiRctiLAR,  3i"  Diameter;  Throat 
Open,  Si"  Diameter.  Vortex.  Rectangclar  in  Cross-Section  (li"x2").  Impeller, 
12  Vanes,  Radial  With  Entrance  Curved,  Area  of  Cross-Section  of  Water  Way 
Practically  Constant. 

Speed  of  Pump,  1,300  Revolutions  Per  Minute. 


Time. 


April  8,  1908 
5:10—5:15.... 


April  8.  1908 
5:20—5:30.... 

April  8.  1908 
9:10—9:20.... 


April  8,  1908 
9:23—9:33.... 

April  8.  1908 
9:37—10:08... 


April  9,  1908 
10:10—10:30.. 

April  9,  1908 
10:30—10:38.. 

April  9.  1908 
+10:40—10:50. 


o.s 


RPM 


1.304 
1,303 
1,297 
1,298 
1,302 
1,302 
1.302 
1,306 


Power 
Readings. 


0)  3 
>  o 

< 


Am's 


36.9 
36.5 
36.7 
31.2 
28.0 
23.9 
19.2 
9.5 


=«s 


< 


Volts 


481.6 
481.5 
463.2 
462.4 
461.6 
465.0 
453.0 
456.4 


EHP 


23.8 
23.7 
21.6 
19.5 
17.3 
14.9 
11.7 
5.8 


BHP 


19.6 
19.5 
17.5 
15.4 
13.2 
10.8 
7.1 
1.4 


A  3 


Ft. 


1.0 

o 
1.5 

o 

2.1 

o 

2.8 

o 
3.5 

o 
4  1 

o 
4.5 

o 
5.4 


Dis. 
head 


o  C 

S 


Ft. 


18.2 
26.9 
32.1 
35.0 
42.8 
44.6 
44.6 
36.1 


Ft.      Ft 


17.2;  6,735 

25.4'  6,410 

30. 0|  5,840 

34.2'  5,230 

j 

39.3;  4,607 

i 
! 

40.5!  3,890 

1 

40.1  2,965 

30. 7i  0000 


ii^ 


Cu.  Ft. 


2.71 
2.52 
2.19 
1.87 
1.56 
1.23 
0.82 
0.00 


Q3 


O  O 

X 


H.P. 

5.30 
7.29 
7.46 
7.29 
6.96 
5.67 
3.74 
0.00 


27.0 
37.4 
42.6 
47.1 
52.6 
52.6 
49.2 
0.0 


S3  d 

Si  tx 

U  (S 


II 


Ft. 


5.0 

o 
5.9 


o 

6.5 


7.4 

8.3 

o 

8.8 

o 

9.0 
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Cu 
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ffl  X 
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Readings  of  Water  Gages  fob  Hydraulic 
Grament.    Ce.nteh  Line  of  Discharge  Chamber. 
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DISCUSSION   OF   RESULTS    OF    EXPERIMENTS   WITH 
SIX  INCH  HORIZONTAL  CENTRIFUGAL  PUMP 

Effect  of  Le.vkage  of  Air  into  Pump 

The  leakage  of  air  into  the  pump  was  first  observed  and  made 
known  by  attaching  a  short  glass  tube  to  the  upper  side  of  the 
horizontal  discharge  pipe,  Plate  III,  and  providing  the  tube 
with  a  valve  at  the  upper  end.  When  air  was  leaking  into  the 
pump  a  portion  of  it  would  slowdy  collect  in  the  glass  tube,  the 
rate  of  collection  ser^nng  somew^hat  as  a  measure  of  the  rate  of 
leakage.  At  the  time  of  making  the  first  experiments  w^th  the 
circular  case.  Tables  IV-IX,  the  amount  of  air  leaking  into 
the  pump  was  thought  to  be  so  small  as  not  materially  to  alter 
the  results;  but  subsequent  experiments  showed  the  necessity 
of  entirely  eliminating  the  leakage  of  air  into  the  pump.  Plate 
XII  shows  the  effect  of  air  leakage,  by  a  comparison  of  these 
first  results  with  results  of  subsequent  experiments  taken  with 
the  entrance  to  the  pump  under  pressure  so  that  air  leakage  was 
prevented.  The  amount  of  air  leakage,  termed  "Air  leakage, 
condition  Ao.  1/'  in  these  first  experiments  could  not  be  de- 
termined volumetrically  as  it  was  almost  entirely  leakage 
through  the  stuffing  box  of  the  pump  shaft.  An  approximate 
indirect  determination,  however,  was  made  as  shoAMi  later,  by 
placing  the  entrance  to  the  pump  u)ider  suction,  putting  a  small 
iron  box  containing  water  around  the  stuffing  box  to  prevent  air 
leakage,  and  then  admitting  air  to  the  suction  side  of  the  pump, 
under  a  known  suction  head,  and  through  an  opening  of  known 
size  until,  as  shown  by  the  discharge,  air  leakage  condition  No. 
1  was  practically  duplicated. 

The  experiments,  Tables  XIV-XVII,  entrance  to  pump  under 
suction,  were  taken  with  the  stuffing  box  of  the  pump  shaft  sur- 
os  'xoq  uojr  p9zinBAjB.o  \[mii^  b  ui  pauiB^noo  aa^i^AV  Aq  papimoj 
that  air  leakage  at  this  point  was  practically  eliminated.  The 
results  platted  on  Plate  XIII,  when  compared  with  results  with 
the  entrance  to  the  pump  under  pressure,  Plate  XIV,  show 
evidence,  however,  of  slight  air  leakage  at  some  point.  In  the 
tables  and  plates  this  condition  of  slight  air  leakage  has  been 
termed  " Slicfld  air  leakage,  condition  No.  2." 
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An  approximate  determination  of  the  amoimts  of  air  leakage, 
under  "Air  leakage,  condition  No.  1,"  was  made  from  the  fol- 
lowing experiments.  Table  XXIV.  taken  for  tli(»  purpose: 


TA15LK    X.VIV 


E.MHT- 

Speed 

Time. 

iiiii'iU 

or 

No. 

pump. 

April  29.  1908. 

R.  P.M. 

1.120 

11:00 

1 

11:20 

2 

1.120 

11:3.1 

3 

1.12(5 

11:40 

4 

1.115 

11:50 

0 

1.115 

12:00 

tj 

1.125 

Suction 
head 

pressu  re 
(+).  suc- 
tion (  — )  ) 


Dis- 
cluii-fcri 
liead. 


Ft. 


-1-1.20 
-4.2 
-2.4 
-1-1.0 

+  1.0 
+  1.0 


Ft. 


If). 8 
14.1 
12.2 
15. S 
15.8 
15.9 


Head 

Total 

Dis- 

lie ad . 

weir. 

charge. 

Ft. 

Ft. 

Cubic  ft. 

14.15 

per  sec. 

.6231) 

2.41 

18.3 

.5770 

2.16 

14.15 

.5310 

1.91 

14.8 

.(5300 

2.45 

14.8 

.62-<0 

2.44 

14.9 

.6280 

2.44 

l>is- 

<-hartre 

reduced 

to  15  ft. 

head. 


Cubic  ft. 
per  sec. 


2.40 
2.30 
1.90 
2.44 
2.43 
2.43 


The  pump  was  kept  running  throughout  the  six  experiments. 
In  experiment  No.  1  the  entrance  to  pump  was  under  pressure, 
the  suction  head  being  +  1.2  feet.  This  gave  the  normal  dis- 
charge for  the  given  speed  and  head  without  air  leakage.  The 
entrance  to  the  pump  was  then  put  under  suction,  experiments 
Nos.  2  and  3.  by  means  of  a  sliding  board  partially  covering 
the  entrance  to  the  suction  pipe.  In  these  two  experiments, 
leakage  of  air  through  th(>  stuffing  box  was  prevented  by  sur- 
rounding the  stuffing  box  with  water.  In  experiments  No.  3 
air  was  admitted  into  the  suction  pipe  by  opening  the  valve  in 
an  air  cock,  having  an  opening  A  inches  in  diameter,  and 
which  was  attached  to  the  piezometer  on  the  suction  pipe  (see 
Plates  III  and  V).  The  head  producing  the  flow  of  air  through 
the  air  cock  was  thus  approximately  equal  to  the  suction  head. 
—  2.4  feet  of  water.  Using  a  coefficient  of  velocity  equal  to 
unity  as  an  extreme  case,  the  velocity  of  flow  of  air  through  the 
air  cock  would  be  equal  to  about  336  feet  per  second.  IMulti- 
plying  this  velocity  by  the  area  of  the  air  cock  opening,  gives 
a  possible  maximum  amount  of  air  admitted  of  about^  .04  cubic 

Mu  order  to  fst  tills  cdiniiuiatioii  of  the  Muiduut  of  :iir  Mdniitted.  an  experi- 
ment was  subseouently  iniide  to  determine  the  rnte  of  inflow  throufrh  tlie  air 
cock.  An  air  tijrht  chamber,  liavim:  a  capacity  of  1.3  cubic  feet,  was  connected 
to  the  six  inch  suction  pipe,  .-ind  in  etTect  liad  the  nozzle  of  the  air  coclt  pro- 
.iectlns  into  tlie  air  tislit  chamber.  The  pump  was  run  at  the  speed  of  ll20  rev- 
olutions i)er  minute  and  the  suction  Iiead  adjusted  to  a  value  of  — 2.4  feet.  Ou 
openins  the  air  cock,  the  pressure  in  the  air  chamlter  was  reduced  from 
atmospheric  press>ii-e.  taken  .-is  zero,  to  —1.0  feet  of  water,  in  a  time  period 
of  one  and  one-half  se<-onds.  and  subsequent  reduction  in  i)ressure  followed 
more  slowly.  Assuminir  vulnme  times  pressure  as  constant  in  the  air  chamber, 
the  resnltini.'  coniptitalion  shows  that  the  indow  of  air  dui'inp  tlie  first  time 
period  of  one  and  one-half  seconds,  was  at  an  average  rate  of  about  .027  cubic 
feet   per   second. 
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feet  per  secxjnd.  The  admission  of  this  quantity  of  air,  equal 
to  about  l.()  per  cent  of  voluinc  of  water  discliargcd  for  the 
case  cited,  produced,  as  shown  by  Table  XXIV,  a  decrease  in 
head  pumped  against,  of  about  3.7  feet  equivalent  to  ahout  20 
l)er  cent,  and  also  a  decrease  in  discharge,  with  head  remaining 
constant,  of  about  20  per  cent.  Experiments  Nos.  1  and  3,  when 
l)latted  on  Plate  XII,  show  respectively  a  very  close  agreement 
with  the  two  discharge  curves,  speed  1,120  revolutions  per  min- 
ute entrance  to  pump  under  pressure  and  entrance  to  pump 
under  suction,  air  leakage,  condition  No.  1.  The  approximate 
value  of  the  air  leakage  through  the  stuffing  box,  with  entrance 
to  pump  under  suction,  may  therefore  be  taken  as  .04  cubic 
feet  per  second  when  the  head  pumped  against  was  15  feet  and 
the  speed  1,120  revolutions  per  minute.  The  average  suction 
head  for  these  experiments,  with  this  head  and  speed,  was  about 
—  6.0  feet.  The  leakage  through  the  stuffing  box  depended  on 
the  pressure  in  the  balance  chamber,  and  would  only  take  place 
when  this  pressure  was  less  than  atmospheric.  The  pressure  m 
the  balance  chamber  for  the  speed  1,120  revolutions  per  minute, 
(see  experimental  data.  Tables  VI  and  XI)  was  uniformly  about 
3.5  feet  greater  than  the  suction  head,  for  all  heads  pumped 
against.  The  pressure  producing  the  leakage  of  air  through 
the  stuffing  box,  with  entrance  to  pump  under  suction,  was  thus 
numerically  3.5  feet  less  in  each  case  than  the  suction  head.  The 
elevation  of  the  water  in  the  suction  pit  being  fixed,  the  suction 
head  was  least  (i.  e.  numerically  greatest)  for  the  low  heads' 
pumped  against,  when  the  discharge  was  gTcatest.  The  leakage 
of  air  was  thus  greatest  for  the  low  heads  pumped  against,  and 
least  for  the  high  heads.  For  the  head  of  impending  delivery, 
with  zero  discharge,  the  suction  head  was  equal  to  —  2.5  feet, 
and  the  pressure  in  the  balance  chamber  equalled  —  2.5  +  '^-^ 
+  1.0  feet  (see  Table  IX.  Reference  No.  3)  and  leakage  throutih 
the  stuffing  box  would  not  have  taken  place.  The  amount  of 
the  air  leakage,  condition  No.  1.  was  thus  a  maximum  of  about 
.04  cubic  feet  per  second  for  the  low  heads  pumped  against,  and 
gradually  decreased  as  the  head  increased  and  at  the  head  of 
Hiipending  delivery  practically  equalled  zero. 

The  amount  of  the  "Slight  air  leakage,  condition  No.  2,"  may 
be  approximately     estimated  by  comparing  the  curves  of  dis- 
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charge  with  and  without  air  leakage  and  assuming  the  air  leak- 
age to  be  proportional  to  the  reduction  in  discharge.  Plate 
XIII  gives  tlie  results  of  experiments  with  entrance  to  pump 
under  suction,  air  leakage  conditio)',  Xo.  2,  while  Plate  XIV 
gives  the  results  with  entrance  to  pump  imder  pressure.  For 
low  heads  pumped  against,  10-15  feet,  the  reduction  in  dis- 
charge due  to  air  leakage  was  about  ten  per  cent,  or  about  one- 
half  the  reduction  Ihat  occurred  due  to  air  leakage,  condition 
No.  1.  The  approximate  amount  of  air  leakage,  condition  No. 
2,  may  then  be  taken  as  about  one-half  that  which  occurred 
under  condition  No.  1. 

The  effect  of  air  leakage  on  efficiency  is  sliown  on  Plate  Xll. 
by  a  comparison  of  the  curves  sho\nng  the  efficiency,  for  a  cer- 
tain speed  as  1,120  revolutions  per  minute,  imder  the  two  con- 
ditions entrance  to  the  pump  under  pressure  and  entrance  to 
pump  under  suction,  air  leakage  condition  No.  1.  The  horse 
poM'er  output  being  eciual  to  the  ])roduct  of  a  constant  times 
head  pumped  against  times  discharge,  the  effect  of  leakage  of 
air  for  a  given  head  was  to  reduce  the  horse  power  output,  in 
tlie  same  proportion  that  the  discharge  was  reduced.  The  re- 
sults of  experiments,  Plate  XII.  sliow  tliat  the  effect  of  leakage 
(•f  air.  was  also  to  decrease  the  horse  power  input  in  practicalh' 
the  sa.me  |)roportion  that  the  discharge  was  decreased,  for  heads 
from  zero  up  to  about  five  feet  less  than  the  maximum  head 
w  hich  the  pump  held  up.  Since  the  efficiency  is  equal  to  the  ratio 
of  the  horse  power  output  to  horse  power  input,  and  these  quan- 
tities were  reduced  in  the  same  proportion,  it  follows  that  the 
efficiency  remained  the  same.  For  heads  equal  to  and  slightly 
loss  than  the  maxinnim  head  which  the  pump  held  \\\y,  the  effect 
of  air  leakage  was  to  reduce  the  discharge  and  horse  power  out- 
put by  a  larger  percentage  than  the  horse  power  input  and  the 
ett'ect  was  a  reduction  in  efficiency.  The  results  show,  therefore, 
that  for  tlie  range  of  lieads  from  zero  up  to  about  five  feet  less  than 
tlie  maximum,  the  effect  of  air  leakage,  in  quantity  at  low  heads, 
not  to  greatly  exceed  the  limits  of  the  experiments,  about  .04 
cubic  feet  per  second,  and  gradually  decreasing  as  the  head  in- 
creased, was  to  leave  the  efficiency  curve  the  same,  while  for 
heads  equal  to  and  slightly  less  than  the  maximum  head  which 
the  pump  h.eld  up.  and  covering  the  economical  worldng  condi- 
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tion  of  the  pump,  the  effect  was  a  reduction  and  a  cutting  off 
of  the  upper  portion  of  the  efficiency  curve  as  shown.  For  the 
speed  of  ].120  revolutions  per  minute  the  reduction  in  maxi- 
mum efficiency  amounted  to  about  five  per  cent. 

At  the  condition  of  most  economical  working,  speed  1,120 
revolutions  per  minute,  and  head  about  29  feet,  the  suction  head, 
with  entrance  to  jiuiiip  uiidc]'  sudion.  was  about  — 3.5  feet.  Tliis 
would  give  a  pressure  in  the  balance  chamber  of  practically  zero 
and  there  would  be  no  leakage  through  the  stufluig  box.  The 
leakage  th;at  took  place  was  very  slight  and  must  have  occurred 
on  the  suction  side  of  the  pump,  and  in  amount,  judging  from 
the  rate  of  collection  of  air  bubbles  in  the  glass  tube,  (see  page 
85)  (lid  not  exceed  about  one-quarter  of  that  at  the  lower  head 
of  about  15  feet. 

The  conclusions  as  to  the  effect  of  leakage  of  air  at  the  econom- 
ical condition  of  working,  speed  1,120  revolutions  per  minute, 
head  about  29  feet,  are  that  with  an  air  leakage  not  to  exceed 
about  .01  cubic  feet  per  second,  equal  to  about  one  per  cent  of 
the  volume  of  water  disehai'ged,  there  was  a  decrease  in  head  oL 
about  10  per  cent,  a  decrease  in  discharge  of  about  15  per  cent 
and  a  decrease  in  efficiency  of  a.bout  5  ])cr  cent.  If  the  head 
were  maintained  constant  the  effect  on  discharge  Avould  be  very 
nnich  increased,  and  would  be  equal  to  from  20  to  25  per  cent. 

An  air  leakage  to  tb.e  amount  of  .01  cul)ic  feet  per  second 
would  easily  ])ass  unobserved  in  tlie  ordinaiy  worlcing  of  a  cen- 
trifugal puni]).  wliile  the  amount  of  .04  cubic  feet  per  second, 
would  ])robalily  be  noticed  by  a  careful  observer,  by  the  drawing 
ill  of  oil  thrdugli  the  stnf'iinu'  box  arou.nd  the  ])uiiii>  shaft.  A 
glass  tube,  placed  on  the  discharge  pipe  as  described,  furnishes 
a  practical  means  for  testing  for  air  leakage. 

Results  of    ExpEKiiiEXTs    with    Pumi'    Having   Spiral   Case 

General  Forms  of  (Utrvcs  Shoivinfj  Characteristics  of  the 
Tump  with  Spiral  Case.  Plate  XIV  shows  the  residts  of  ex- 
periments A\ith  th(^  spiral  case,  with  entrance  to  pump  under 
pressure,  and  m;i\-  be  taken  as  txpical  of  the  results  with  the 
six  inch  i)umi).  The  discharge  was  greatest  for  the  low  heads 
pumped  against,  and  gradually  decreased  in  amount  as  the  head 
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increased,  until  the  niaxinuini  head  which  the  pump  would  hold 
up  was  reached.  From  this  point  both  the  discharge  and  head 
pumped  against  decreased,  until  the  head  of  impending  deliv- 
ery was  reached  when  the  discharge  was  zero.  It  will  be  seen 
that  the  pump  delivered  water  against  heads  higher  than  the 
head  of  impending  delivery,  and  that  a  portion  of  the  kinetic 
energy  of  the  water,  in  the  form  of  velocity  head,  was  recovered 
in  the  form  of  pressure  head,  as  the  water  passed  through  the 
casing  of  the  pump.  The  following  equation  gives  the  relation 
between  the  peripheral  velocity,  V,  and  the  head  of  impending 
delivery,  hi.  and  was  the  same  for  each  of  the  speeds  1,120, 
1,300  and  1.500  revolutions  per  minute : 

V  =  LOO  r/2"s^, 

or 

hi  =  0.8-1  .^^. 

When  deliver^"  commenced,  the  heads  pumped  against  gradually'' 
increased,  arid  the  maximum  increase  in  heads  pumped  against 
for  the  speeds  named,  were  respectively  about  30,  26  and  22 
per  cent  of  the  heads  of  impending  deliverj^ 

The  equations  giving  relations  between  V  and  the  maximum 
head,  h,  pumped  against  are  respectively: 

For  speed  1.120  R.  P.  M V  —  .95  V2gh  or  h=  1.10  ^ 

For  speed  1,300  R.  P.  M V  =  .96  V2gh  or  h  =  1.08  ^ 

For  speed  1.500  R.  P.  :\r V  =  .98  V2gh  or  h  =  1.04  l^ 

Referring  to  the  efficiency-^head  curve:  the  efficiency  varies 
almost  directly  with  the  head  pumped  against,  until  a  head  cor- 
responding to  the  maximum  efficiency  is  reached  at  about  ninety- 
five  per  cent  of  the  maximum  head  which  the  pump  will  hold 
up.  From  the  point  of  maximum  efficiency,  the  curve  makes  a 
sharp  bend  and  decreases  to  zero  at  a  point  corresponding  to 
the  head  of  impending  deliver^'.  The  maximum  efficiencies  ob- 
tained with  the  spiral  casing,  for  the  speeds  of  1,120,  1,300  and 
1,500  revolutions  per  minute,  were  57,  54  and  47  per  cent  re- 
spectively, and  show  a  gradual  decrease  as  the  speed  increased. 
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The  equations  givmu'  the  relation  between  V,  and  the  head 
pumped  against,  which  corresponds  to  the  maximum  efficiency, 
are  respectively: 

For  speed  1.120  R.  P.  M V  =    .98  \/2gh.  or  h  =  1.04  ]^^ 

For  speed  1,300  R.  P.  M V  =    .99  V2gh  or  h  =  1.02  ~ 

For  speed  1,500  R.  P.  M V  =  1.00  V2gh  or  h  =  0.99  .^^ 

The  head  corresponding  to  the  maximum  efficiency  was  thus  ap- 
proximately e(iual  to  .,  -.    and  was  about  twenty  per  cent  greater 

than  the  head  of  impending  delivery. 

The  form  of  the  curves  showing  the  relation  of  horse  power 
input  and  horse  power  output  to  head  pumped  against,  are 
shown  in  Plate  XIV  and  do  not  need  further  explanation. 

Characteristic  curve,  showing  results  of  experiments  with 
'piimp  havi)ig  spiral  case.  From  the  experimental  results  at  the 
three  speeds  1.120,  1.300  and  1,500  revolutions  per  minute, 
Plate  XIV,  a  set  of  curves,  termed  a  "Characteristic  curve,'* 
Plate  XV,  has  been  drawn  as  one  diagram,  on  which  are  shown, 
by  means  of  rectangular  co-ordinates  and  contour  lines,  all  of 
the  characteristics  of  the  pimip  at  all  speeds  within  the  range 
of  the  observations. 

On  this  diagram  the  abscissae  represent  speed  of  the  pump 
and  the  ordinates  represent  discharge.  The  numerical  values 
of  head  pmnped  against,  horse  power  input,  horse-power  output 
and  efficiency,  are  obtained  by  interpolation  between  the  various 
contour  lines  by  which  they  are  respectively  represented.  The 
diagram  was  constructed  by  noting  on  each  of  the  vertical  lines 
representing  the  speeds  of  1,120,  1,300  and  1,500  revolutions 
per  minute,  numerical  values  of  the  experimental  results  as 
shown  by  the  respective  average  curves  on  Plate  XIV.  and  liii- 
ally  adjusting  contour  lines  to  the  plotted  points.  For  example 
on  Plate  XIV,  speed  1,120  revolutions  per  minute,  the  vertical 
line  representing  25  feet  head  pumped  against,  crosses  the  curve 
representing  discharge  at  two  points,  and  the  numerical  values 
of  the  discharge  served  to  locate  two  points  on  the  characteristic 
diagram  through  which  to  draw  the  curve  representing  25  feet 
head  pumped  against.     Values  of  the  horse  power  output,  horse 
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power  input  and  efficiency,  corresponding  to  these  discharges 
and  25  feet  head  pumped  against,  were  also  noted  on  the  dia- 
gram. The  process  was  repeated  for  at  least  each  multiple  of 
five  feet  of  head  pumped  against,  and  the  entire  range  of  head 
from  zero  to  the  maximum  covered.  The  discharge  correspond- 
ing to  zoi'o  licjid  |)niii[)('(l  against  gave  one  point  for  the  curve 
of  maximum  discharge  on  the  characteristic  diagram.  The  ex- 
perimental data,  as  shown  by  the  curves  for  speeds  of  1,300  and 
1.500  revolutions  per  minute,  were  transferred  to  the  character- 
istic diagram  in  a  similar  manner.  Contour  lines  were  finally 
adjusted  to  fit  the  various  values  noted  on  the  diagram. 

Keferring  to  the  curve  representing  35  feet  head,  and  con- 
sidering that  the  pump  is  to  overcome  a  head  of  35  feet  between 
water  levels,  with  the  valve  in  the  discharge  pipe  wide  open, 
the  pump  will  not  commence  to  deliver  water  until  a  speed  of 
1,,340  revolutions  per  minute  has  been  reached.  There  will  then 
be  a  rapid  increase  of  discharge,  until  a  balance  is  reached,  when 
the  discharge  is  2.3  cubic  feet  per  second.  The  variation  in  dis- 
charge due  to  any  variation  in  speed,  will  then  be  shown  by 
the  curve  representing  35  feet  head.  The  diagram  thus  shows, 
in  a  condensed  form,  all  the  characteristics  of  the  pump.  For 
example,  assuming  a  fixed  head  pumped  against,  and  a  required 
increase  in  discharge,  the  diagram  shows  the  necessary  increase 
in  speed  and  the  resulting  change  in  efficiency  and  power  re- 
quired. For  the  above  case  with  a  head  of  35  feet  if  the  speed 
of  the  pump  were  reduced  below  the  value  1,190  revolutions 
per  minute  the  deliveiy  of  water  would  cease.  The  values  of 
the  discharge  represented  by  the  under  part  of  the  curve  for 
speeds  greater  than  1,190  revolutions  per  minute  could  be  only 
obtained  by  partially  closing  the  valve  in  the  discharge  pipe. 
There  was  therefore  a  certain  minimum  value  of  the  discharge 
vx'hich  could  be  obtained  with  the  valve  wide  open,  and  this 
value,  one  cubic  foot  per  second  for  the  present  case,  is  seen 
to  have  been  practically  independent  of  the  head  and  speed. 

Results  of  Expeiumknts  AVitii  I'ump  ITavixg  Circular  Case 

The  results  of  the  experiments  with  the  circular  case  are  sho\\'n 
on  Plate  XII,  by  tlie  curves  showing  results  with  entrance  to 
puyyip  under  pressure.  These  curves  have  been  discussed  slightly, 
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in  connection  with  the  experimental  results  showing  the  effect  in 
nir  le^ikaiiv.  It  will  be  noted  that  the  curves  are  veiy  similar  in 
form  to  those  with  the  spiral  case,  and  therefore  a  comparison 
of  the  results  with  the  two  cases  will  be  sufficient  explanation. 

Comparison  of  Results  of  Experiments  With  the  Spiral 
Case  and   Circular  Case 

In  order  to  show  the  comparison  of  the  results  of  the  experi- 
ments with  the  two  casings,  Plate  XVI  has  been  arranged. 
Curves  A  and  B  represent  respectively  the  results  with  the  spiral 
and  circular  cases  at  the  speed  of  1,120  revolutions  per  minute, 
while  curves  C  and  D  represent  the  results  with  the  spiral  and 
circular  cases  at  the  speed  of  1,300  revolutions  per  minute. 

Referring  to  the  efficiency-head  curves;  for  a  speed  of  1,120 
revolutions  per  minute,  the  efficiency  curve  for  the  spiral  case 
lies  entirely  above  that  for  the  circular  case,  the  maximum  effi- 
ciency with  the  spiral  case  being  about  fifty-seven  per  cent,  six 
per  cent  greater  than  the  maximum  efficiency  with  the  circular 
case.  For  the  speed  of  1,300  revolutions  per  minute,  the  dif- 
ference of  the  maximum  efficiencies  is  apparently  not  so  great, 
being  about  two  per  cent  in  favor  of  the  spiral  case. 

Referring  to  the  discharge-head  curves ;  for  heads  up  to  about 
ten  feet,  the  discharge  is  seen  to  be  slightly  greater  with  the 
circular  case,  while  for  heads  between  ten  feet  and  the  maximum 
head  which  the  pump  will  hold  up,  the  discharge  for  a  given 
head  is  uniformly  about  twenty  per  cent  greater  with  the  spiral 
ease.  With  the  speed  of  the  pump  at  1,120  revolutions  per 
minute,  the  spiral  case  therefore,  when  working  under  the  most 
economical  condition,  capacity  about  1.4  cubic  feet  per  second, 
and  head  about  30  feet,  would  furnish  about  twenty  per  cent 
more  water  than  the  circular  casing  and  would  have  about  five 
per  cent  greater  efficiency.  The  percentage  increase  in  power 
required  for  the  twenty  per  cent  increase  in  discharge,  would 
amount  to  about  twelve  per  cent.  For  the  speed  1,300  revolu- 
tions per  minute,  the  comparison  is  not  quite  so  favorable  to  the 
spiral  casing,  seventeen  per  cent  increase  in  power  being  re- 
quired for  the  twenty  per  cent  increase  in  discharge. 

If  the  speed  of  the  pump  with  the  spiral  case  is  reduced  from 
1,120  to  about  1,100  revolutions  per  minute,  the  curve  showing 
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relation  of  discharge  to  head  pumped  against,  would  practically 
coincide'  with  the  simihir  curve  for  the  circular  case,  speed  of 
l.lLH)  i-('V(tliitions  per  minute,  at  the  condition  of  economical 
working,  the  discharge  being  about  1.4  cubic  feet  per  second  and 
head  i)umped  against  about  28.5  feet.  The  powers  delivered  in 
raising  tlie  water  through  the  given  head,  would  then  ])e  the 
same  for  the  two  pump  cas?s,  and  the  powers  recpiired  would 
be  inversely  as  the  efficiencies  of  the  two  cases.  Using  efficien- 
cies of  fifty-seven  and  fifty-two  per  cent,  the  pump  with  the 
circular  case  would  require  about  ten  per  cent  more  power  to 
pump  the  same  quantity  of  water  against  a  given  head,  and  the 
speed  would  have  to  be  about  20  revolutions  per  minute  greater. 
At  the  speed  of  1,300  revolutions  per  minute,  the  comparison 
became  slightly  more  favorable  to  the  circular  case,  the  results 
showing  that  about  four  per  cent  more  power  was  required 
with  the  circular  case  for  the  same  amount  of  power  delivered. 

The  comparison  of  the  two  cases  with  reference  to  the  rela- 
tion of  the  peripheral  velocity.  V,  to  the  heads  of  impending 
delivery,  and  maximum  heads  which  the  pump  would  hold  up, 
and  also  the  drag  of  the  impeller,  is  shown  by  Table  XXV. 

The  table  shows  that  the  head  of  impending  delivery  is  greatci 
with  the  spiral  case  than  with  the  circular  case,  by  an  amount 

equal  to  about  .0-1  ~ .  or  about  five  per  cent  of  the  head  of  im- 
pending delivery.  The  conclusion  to  be  dra^ra  is  that  the  head 
of   impending   delivery,   instead   of   depending   entirely   on   the 

V-  ■  •> 

pressure  or  centrifugal  head  .7-;  developed  by    the    rotation    ot 

the  water  in  the  impeller,  also  depends  on  the  rotation  of  the 
water  in  the  free  vortex  surrounding  the  impeller  and  decreases 
as  the  radius  of  the  free  vortex  increases. 

That  the  rotation  of  the  water  extended  beyond  the  space 
termed  the  vortex,  and  at  least  partially  into  the  portion  of  the 
case  termed  the  discharge  chamber,  is  shown  by  the  readings 
of  the  pressure  gages,  on  the  center  line  of  the  discharge  cham- 
ber for  the  condition  of  impending  delivery  (see  Table  XXVI). 
With  the  spiral  case  the  cross-section  of  the  discharge  chamber 
gradually  increased  from  a  minimum  at  the  point  termed  the 
throat,  and  finally  equalled  the  cross-section  of  the  discharge 
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pipe  at  the  outlet  of  the  pump.  The  velocity  of  the  water  in 
the  discharge  chamber  therefore  decreased  approximately  as 
the  area  of  cross-section  increased.  These  variations  in  velo- 
city would  result  in  variations  in  pressure.  The  results  of  ex- 
periments with  the  spiral  case  showed  that  the  pressure  grad- 
ually increased  from  point  No.  1  to  point  No.  8  of 
the  discharge  chamber.  With  the  circular  case,  the  area  of 
cross-section  of  the  discharge  chamber  being  constant,  the  velo- 
city and  pressure  at  a  given  radius  would  be  expected  to  liye  con- 
stant. The  experiments,  however,  show  a  very  slight  increase  in 
pressure  close  to  the  connection  of  the  discharge  chamber  to 
the  discharge  pipe.  Table  XXVI  is  a  summary  showing  the 
results  of  the  measurements  of  pressure  in  the  discharge  cham- 
ber and  vortex,  for  the  spiral  and  circular  cases,  for  the  condi- 
tion of  impending  delivery.  For  the  spiral  case  the  table 
shows  that  the  values  of  the  pressure  along  the  center  line  or 
the  discharge  chamber  increased  from  three  to  six  feet,  the 
amount  depending  on  the  speed,  and  gradually  approached  the 
value  of  the  discharge  head.  For  the  circular  case,  the  pres- 
sure in  the  discharge  chamber  was  practically  constant,  being 
about  two-tenths  feet  less  than  the  discharge  head.  With  the 
circular  case,  speed  1.120  revolutions  per  minute,  the  average 
pressure  in  the  space  termed  the  vortex  was  about  one  foot  less 
1han  the  pressure  in  the  discharge  chamber. 

The  maximum  head  whieli  the  pump  would  hold  u})  with  a 
given  speed.  Table  XXV,  was  greater  with  the  spiral  case  than 

with  the  circular  case  by    an    amoimt    equal    to    about  .04  .j^- 

As  the  head  of  impending  delivery  was  also  greater  with  the  spiral 
case,  by  this  same  amount,  the  head  recovered  from  the  condi- 
tion of  impending  delivery  was  therefore  practically  the  same 
with  both  cases.  The  drag  of  the  impeller.  Table  XXV.  was  the 
power  re(iuired  to  hold  up  the  head  of  impending  delivery.  This 
power  was  used  to  repump  the  slight  leakage,  which  takes  place 
riirough  the  joints  at  the  outlet  of  the  impeller  and  returns  to 
the  suction  side  of  the  pump  through  the  balance  chamber,  and 
also  to  overcome  the  frictional  resistance  due  to  the  rotation  of 
the  impeller  and  water.  With  the  spiral  case  a  portion  of  the 
rotating  water  in  the  discharge  chamber  and  vortex  is  acceler- 
ated when  it  passes  the  throat   and  then  gradually  retarded. 
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TAHLH  XXVI. 

Results  of  Measukkmexts  ok  Pressures  in  DisciiARciK  CnAMUKR  and 
Vortex  kor  Conditiox  ok  I.\n'Exnixr.  Delivery. 


Table. 

a) 

Pressures  i.v  Disciiarce  ( 

'HA.MHER  (feet). 

5-; 

case. 

'1 

2 

3 

4 

5 

6 

7 

8 

—  ci 

Spiial 

Spiral 

S))iial 

Cin-ulai-  .... 

XV 
XXI 

X  .\  1 11 

\' 

V 

2 
10 
10 

6 

t) 

1.13ti 
1.307 
l.nOO 
1.120 

1.120 

10  2 
34.1 
43.0 
16.0 

20.2 
30.1 
45.6 
16.0 

21  2 
3-!5 

47.5 
16.0 

21.6 
38.1 
48.3 
16.0 

21.8 
38.5 
48.7 
16.0 

21.9 
38.6 

48.  i> 
16.0 

21.9 
38.5 
49.1 
16.1 

22.0 
38  5 
49.1 
16.1 

22.0 
38.6 
49,1 
16.2 

Pressures  in  Vortex  (feet). 

!]■       1        2' 

3 

4' 

5' 

6' 
15.1 

Circular 

U.P 

14.8 

14.6 

15.1 

1(;.2 

'  Set>  i)late  X  VTI  for  lo:^ation  of  points  of  measurement  (1-8  and  1-6  ). 

The  power  re(|uired  is  seen  to  have  been  about  one  horse  power 
greater  with  the  spiral  case  than  with  the  circular  case. 


CoMP.vRisoN  OF  Results  op  Experiments  With  Spir^vl  Case, 
Entrance  to  Pump  Under  Pressure  and  Entrance  to 
Pump  Under  Suction 

In  order  to  determine  if  any  variation  in  capacity  or  efficiency 
occurred,  when  the  condition  at  the  entrance  to  the  pump  is 
chanf^ed  from  one  of  suction  to  one  of  pressure,  comparison  can 
readily  be  made  between  the  results  shown  on  Plates  XIII  and 
XIV.  In  the  experiments  shown  on  Plate  XIII.  entrance  to 
pump  under  suction,  sJi(/hl  (lir  }(ah(ui(  (■(ntdilion  Xo.  :2  existed 
and  reduced  the  discharoe  jiboiit  leu  ])('i"  cent  for  the  low  heads 
);umped  auainsl.  For  the  eroiiomieal  w()rl\iii^'  conditions  of  the 
I)ump.  however,  the  eft'ect  of  air  'crikaizc  was  neojioihle.  The 
results  of  the  comparison  of  the  two  plates  for  correspondin**' 
speeds,  show  a  very  close  agreement  between  the  curves  repre- 
senting capacity,  efficiency,  horse  power  output,  and  horse  power 
input.  The  effect  then  of  changing  from  the  condition  entrance 
to  pump  under  suction  to  entrance  to  pump  under  pressure,  was 
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simply  to  iiuTease  the  absoliili-  values  of  the  pressure  at  all 
points  ill  the  water  passages  tlirough  the  pump  by  the  amount 
by  which  the  i)ressiire  at  the  enti'ane(;  to  the  pump  wa,s  increased. 

Melvsurement  op^  1'kessuiies  and  Velocities  in  Casing  of 

Pump 

Circular  Case;  Hi/draidic  Gradients  shoivirug^  Pressures  in 
Discharge  Chamber  and  Vortex.  The  general  description  of 
the  apparatus,  as  arranged  for  the  measurement  of  the  pres- 
sures at  various  points  of  the  discharge  chamber  and  vortex, 
together  with  the  method  of  using  the  same,  has  been  given 
under  the  description  of  mercurj^  manometers  and  water  gages, 
page  19.  The  numerical  values  of  the  pressures  at  the  vari- 
ous points  are  given  in  Tables  IV-XXIII.  Plate  XVII  rep- 
resents graphically  the  results  of  the  measurements  for  the  cir- 
cular case,  for  the  speed  of  1,120  revolution,  per  minute.  The 
pressures  at  points  Nos.  1-8  and  l'-(i'  are  platted  on  a  develop- 
ment of  a  cylindrical  surface  passing  through  the  points  Nos. 
1-7,  the  location  of  the  points  Xos.  l'-6'  being  determined  by 
projection  radially  on  the  cylindrical  surface;  thus  values  of  1' 
and  1  are  platted  on  the  same  initial  vertical  line,  and  values 
at  i'  and  5  also  appear  on  a  common  vertical  line.  The  values 
platted  represent  the  pressures  in  feet  of  water  at  the  various 
points,  the  zero  of  each  water  gage  being  at  the  same  elevation 
as  the  center  of  the  suction  pipe.  The  hydraulic  gradients 
have  been  drawn  for  high,  low  and  medium  heads  pumped 
against,  and  thus  show  the  change  in  gradient  due  to  change 
in  velocity.  Eeferring  to  reference  Xo.  2,  head  pumped  against 
10.6  feet,  it  will  be  observed  that  the  pressure  at  the  inner  edge 
of  the  vortex  was  below  atmospheric,  varying  from  -3.3  to  -12 
feet  of  water,  -12  representing  the  pressure  at  point  Xo.  6'. 
In  the  discharge  chamber  the  pressure  was  practically  con- 
stant from  point  Xo.  1  to  point  Xo.  4,  then  gradually  de- 
creased and  was  a  minimum  at  point  Xo.  7  where  the  velocity 
was  a  maximum.  From  this  point  the  pressure  gradually  in- 
creased to  the  value  of  the  discharge  head  platted  at  point  Xo. 
9.  For  low  heads  pumped  against,  the  pressure  at  the  inner 
edge  of  the  vortex  was  uniformly  about  eight  to  ten  feet  less 
than  the  pressure  on  the  center  line  of  the  discharge  chamber. 
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As  the  head  pumped  against  increased,  the  difference  in  pres- 
sure between  the  center  line  of  the  discharge  chamber  and  the 
inner  edge  of  the  vortex  gradually  decreased.  For  the  con- 
dition of  most  economical  working,  the  pressure  at  the  inner 
edge  of  the  vortex  averaged  about  five  feet  less  than  the  pres 
sure  on  the  center  line  of  the  discharge  chamber.  This  differ- 
ence represents  the  amount  of  head  gained  due  to  the  vortex, 
and  also  to  the  reduction  of  velocity  when  the  w^ater  passed 
from  the  outer  edge  of  the  vortex  into  the  discharge  chamber. 
For  the  condition  of  impending  delivery  the  revolution  of  the 
water  in  the  vortex  was  maintained  only  by  the  friction  of  the 
periphery  of  the  impeller,  and  would  therefore  be  much  less 
than  during  delivery ;  the  measurements  showed  a  difference  in 
pressure  between  the  inner  edge  of  the  vortex  and  the  center 
line  of  the  discharge  chamber  of  about  one  foot  (See  Table 
XXVI). 

For  the  circular  case,  speed  1.250  revolutions  per  minute, 
tlie  hydraulic  gradients  are  shown  on  Plate  XYIII.  The  gen- 
eral forms  of  the  curves  are  very  similar  to  those  for  the  lower 
speed  of  1,120  revolutions  per  minute.  For  the  condition  of 
economical  working,  reference  No.  3.  the  amount  of  head  re- 
covered due  to  the  vortex,  and  reduction  of  velocity  at  the  outlet 
of  the  vortex,  amounted  to  about  8  feet.  In  order  to  deter- 
mine how  much  of  this  gain  in  head  should  be  credited,  first 
to  the  vortex  and  second  to  the  reduction  of  velocity  at  the 
outlet  of  the  vortex,  a  number  of  measurements  of  the  pressures 
at  the  inlet  and  outlet  of  the  vortex  were  made  and  are  shown 
on  Plate  XXI.  For  the  conditions  of  speed  and  discharge 
shown  on  the  plate,  the  pressures  on  the  center  line  of  the  dis- 
charge chamber,  at  S  and  C,  are  seen  to  have  been  from  one  to 
three  feet  greater  than  the  pressure  at  0.  the  outlet  of  the  vor- 
tex. The  gain  in  pressure  from  the  inner  edge  of  the  vortex 
to  the  outer  edge  was  about  S^/o  feet.  The  gain  of  head  in  the 
vortex  thus  amoimted  to  about  four-fifths  of  the  total  gain 
from  the  inner  edge  of  the  vortex  to  the  center  line  of  the  dis- 
charge chamber.  The  pressures  along  the  outer  edge  of  the 
discharge  chamber  were  as  shown  by  the  dotted  line  through 
point  6a. 

Spiral  Case;  Hydraulic  Gradients  showing  pressures  in  dis- 
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charge  clianiixr.  I'lates  XIX  and  XX  sliow  tlie  results  of  meas- 
urements of  pressures,  along  the  center  line  of  the  discharge 
cliaiiiher.  for  the  spiial  case  speeds  1,120  and  1,290  respec- 
tively. The  pressures  on  the  inner  edge  of  the  vortex  wtre  not 
measured.  For  low  heads  and  large  discharge,  the  pressure  on 
the  center  line  of  the  discharge  chamber  was  a  mininuun  at 
points  Xos.  2  and  3,  and  then  gradually  increased  to  the  value  of 
the  discharge  head  at  point  No.  9.  For  the  high  heads  and  econ- 
omical condition  of  working,  the  minimum  pressure  was  at  point 
No.  1  and  gradually  increased  to  the  value  of  the  discharge  head 
at  point  No.  9. 

Circular  Case;  Measurement  of  Velocities  hy  means  of  Pitot 
Tube.  In  order  to  further  analyze  the  gain  of  head  resulting 
from  the  reduction  of  velocity  w^hen  the  water  entered  the  dis- 
charge chamber,  and  also  to  determine  the  loss  of  head  result- 
ing from  the  gradual  enlargement  of  the  cross-section,  where 
the  discharge  chamber  joins  the  discharge  pipe,  measurements 
of  the  velocities  were  made  at  points  Nos.  1-8  on  the  center 
line  of  the  discharge  chamber.  The  velocities  were  measured 
by  means  of  a  simple  form  of  pitot  tube,  shown  :n  the  photo- 
graph Plate  XXII,  A,  and  details,  Plate  XXIII.  The  pitot 
tube  was  made  from  a  copper  tube  about  one-tenth  inches  in- 
side diameter,  the  opening  to  the  tube  being  beveled  on  the 
outside  so  as  to  make  a  moderately  sharp  edge.  The  tube  could 
be  inserted  in  the  discharge  chamber,  at  points  Nos.  1-8,  through 
one-quarter  inch  iron  tees,  which  were  attached  to  the  pump 
casing  at  these  points,  by  means  of  one-quarter  inch  iron  nipples. 
The  pressure  head  was  obtained  by  the  readings  of  the  water 
gages  connected  to  the  discharge  chamber  at  these  points  by 
rubber  tubes  (see  Plate  VI).  In  order  to  determine  if  the 
pressure  head  was  constant  throughout  the  diametrical  section, 
a  form  of  pressure  tube  shown  by  photograph  Plate  XXII.  B, 
was  inserted  in  the  discharge  chamber  at  S,  with  the  sharp  end 
pointing  up  stream,  and  the  readings  of  the  pressures  through- 
out the  width  of  the  discharge  chamber,  compared  with  the 
readings  of  pressures  obtained  at  the  surface  of  the  chamber 
at  S  by  means  of  the  water  gages.  The  comparisons  showed 
that  the  pressures  were  constant  throughout  the  diametrical 
section,  and  that  readings  of  pressures  at  S  by  means  of  the 
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PiATE  XXII — View  Siiowixg  Forms  of  Pitot  Tlt.e  axd  Pressure  Tube. 


rnuoocft   nosE. 


.^  J^.^P&A  L 


f^uBSLR  Hose  \    ^'"•s-5  Poif^rcR 


-nuBBl-K   STOPPCn 


COPPCK     TUBE  i^insioi     OI^METUR 


tr^;^:i^;  — — ::-b 


rflOMT  V/C»v-OM£"  S/OC  REMOVED 


Plate  XXIII — Letails  of  Pitot  Tube. 
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water  j^a^'^cs.  iiulicalcd  cori'cet  values.  Tin-  Irii<.ftli  of  tlic  por- 
tion of  the  j)rt'ssiu-c  tii!)('  pointiiii:  iipslrcaiii  was  two  and  one- 
half  inches,  and  the  j)ressiire  was  transmitted  through  four 
liolcs.  each  one  thirty-second  of  an  inch  in  tliameter,  located 
as  sliown   iu   the  photograph. 

The  pitot  tube  was  calibrated  by  being  inserted  in  the  jet 
from  a  standard  sharp  edge  circular  orifice,  0.07  feet  in  di- 
ameter, which  was  i)laced  in  a  vertical  plane  in  a  suitaole  i)res- 
sure  chamber.  The  tube  was  inserted  in  Ihe  jet  at  a  distance 
of  about  one  and  one-half  diameters  from  tlie  i)lane  of  the  ori- 
fice, and  was  therefore  at  a.  ])oin1  where  the  stream  lines  were 
parallel  and  atmosplierie  pi-essure  existed  throughout  the  cross- 
section  of  the  stream.  It  has  recently  l)een  shown  by  experi- 
ment', that  the  coefficient  of  velocity  for  such  an  orifice  is  equal 
to  unity,  within  a  small  fraction  of  one  per  cent,  in  ]dace  cf 
about  0.98  as  ordinarily  used.  The  coefficient  for  the  pitot 
tube  has  been  taken  as  the  ratio  of  tlie  measured  velocity  head 
in  the  jet  to  the  hydrostatic  head  on  the  orifice,  and  witii  the 
coefficient  of  velocity  eciual  to  unity,  would  express  the  ratio  of 
the  velocity  head  as  measured  by  the  tube,  to  the  actual  velocity 
head. 

Table  XXA'II  following,  shows  the  results  of  the  calibration 
of  the  pitot  tube: 

Tlie  results  of  the  calibratiim  showed  lliat  the  coefficient  of 
the  pitot  tube  was  equal  to  unity,  within  a  fraction  of  one 
per  cent,  and  tliat  the  measured  velocity  heads  equalled  tlie  true 
velocity  heads.  That  the  average  coefficient  for  the  tube  was 
slightly  greater  than  unity,  must  have  resulted  from  a  slight 
error  in  the  determination  of  the  reading  corresponding  to  the 
center  of  the  orifice,  on  one  of  the  mercui*}-  or  water  gages. 
Tfie  results  also  show  that  turning  the  axis  of  the  tube  to  an 
angle  of  ten  degrees  with  the  axis  of  the  jet,  made  practically 
ho  difference  in  the  coefficient,  wiiile  turning  the  tube  to  an 
angle  of  20  degrees  decreased  the  coefficient  only  about  two 
per  eent.  This  result  of  allowing  the  axis  of  the  tube  to  make  a 
considerable    aiitrle   with   the   axis   oT   the    iet.    and    still    tn    Liive 


'  Hosults    of    experiments   at    the    Univer.sity    of    Oliio    by    Iloraee    .Iiidd    iV    It.    S. 
Kinp.    hnf/inrcrinfi  .Vcfc.s,   Sept.    27.    lltOC. 
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TAHF.K  X.WII. 
Rksults  ok  thk  (".vmi!K.\ti()n  ok    Pitot  TruK,   in  .Iki-  kkom  St.\ni).\kd 

<  )UIKICK. 


Head  oil  oiiflcc. 
Ft 

Vo'.ority  licad 

i).v  yitot  tube. 

Ft. 

Ci)efflrii'iit. 
Col.  No.  2. 

Ansrle  of  tube 
with  a.xis  of 

Col.  No.  I. 

jet  deffi-ees. 

" 

1 

2 

3 

4 

30.58 

30.44 

24.19 

20.1)5 

13.58 

8.97 

7.18 

3.29 

2.18 

0.82 

3.34 

3.41 

3.42 

23  99 

24.11 

23.79 

22.8(3 

30.73 
12.10 
3. 155 

.995 
.995 
1.007 
1.000 
l.tH)7 
1.002 
l.OOG 
1.005 
1.010 
0.97(5 
0.997 
1.000 
1.000 
1.003 
0.989 
0.949 

0.994 
1.002 

.985 

0 

24  29             

0 

20  60 

1) 

12.57 

!) 

8  91            

0 

7.1(3 

1) 

3.27 

1) 

2  17     

0 

.91 

0 

3.42 

0 

a. 42  

20 

H.42 

10 

23  99.              

0 

24  03 

10 

24.03 

20 

24.07 

30 

'30.87 

0 

M2  04 

0 

i3.7it 

0 

'  E.Nperiment.s  made  subsequent  to  using-  pitot  tube  in  centrifugal  inunp.  as  a  re- 
sult of  whieli  the  tube  opening  had  become  slightl.v  damaged. 

practically  correct  results  was  somewhat  unexpected,  as  ex- 
perimenters have  commonly  stated  that  the  plane  of  the  opening' 
in  the  tube  must  be  at  right  angles  to  the  axis  of  the  stream. 
It  is  probable  that  the  size  of  the  opening  has  considerable  in- 
fluence on  the  allowable  angular  variation  in  direction  for  a 
required  accuracy. 

Table  XXVIII  is  a  summary  sheet,  giving  the  results  of  the 
measurements  Avith  the  pitot  tu])e  at  points  Xos.  1-8.  on  the 
center  line  of  the  discharge  chamber.  The  values  in  the  col- 
umns pressure  head  plus  velocity  liead  are  the  results  from 
pitot  tube  readings,  the  actual  readings  being  made  by  a  mer- 
cury manometer  and  reduced  to  feet.  The  velocity  was  ob- 
tained by  subtracting  the  pressure  head  from  the  pressure  head 
plus  velocity  head,  and  substituting  the  resulting  velocity  head 
for  h  in  the  general  formula  v  =  \/2gh.  The  general  results 
of  the  table  have  been  platted  on  Plate  XXI.  The  velocity 
on  the  center  line  of  the  discharge  chamber,  it  is  seen,  increases 
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from  about  5  feet  i^er  second  at  point  No.  1,  to  a  niaximuiu  of 
about  24  feet  per  second  at  point  No.  7. 

The  values  of  pressure  head  i)lus  velocity  head,  express  energy 
per  unit  weight,  in  feet  of  water.  These  vahies  corresponding 
to  points  Nos.  IS,  on  the  center  line  of  the  discharge  chamber, 
have  been  platted  on  Plate  XXI  and  termed  '^  Energy  line  at 
C."  The  drop  in  the  energy  line  from  about  21  feet  at  point 
No.  1,  to  about  18.3  feet  at  point  No.  9,  shows  the  loss  of  head 
2.7  feet,  due  to  the  gradual  enlargement  of  cross-section  and 
mingling  of  currents  between  points  Nos.  7  and  8. 

The  curve  representing  discharge,  taken  as  the  quantity  of 
flow  in  the  discharge  chamber,  coincides  with  the  curve  repre- 
senting velocity  up  to  point  No.  7,  from  which  point  it  diverges 
as  the  cross-section  of  the  discharge  chamber  increases.  This 
curve  shows  that  nearly  one-half  of  the  total  discharge  entered 
the  collecting  or  discharge  chamber  between  points  Nos.  6  and  8. 
The  conclusion  to  be  drawn  from  this  curve,  together  with  the 
pressure  curves  in  the  vortex  chamber,  is  that  the  flow  through 
the  impeller  and  vortex  was  very  irregular,  and  that  the  larger 
percentage  took  place  at  and  near  the  outlet  of  the  discharge 
chamber.  Also,  that  the  flow  through  the  water  passages  of 
the  impeller  was  accelerated  and  retarded  as  the  periphery  of 
the  impeller  passed  the  points  of  varying  pressure  in  the  vortex. 
It  should  be  stated  that  the  discharge  for  the  case  cited  above 
was  nearly  double  that  corresponding  to  the  condition  of  eco- 
nomical working,  and  shows  the  variations  of  pressure  and  velo- 
city that  occurred  under  rather  extreme  conditions  of  crowding. 
The  eiflciency  of  the  vortex,  however,  as  will  be  shown,  was 
greater  under  these  conditions  of  crowding  than  when  the 
pump  as  a  whole  was  working  most  efficiently. 

Efficiency    of    the    Vortex    Chamber    Si'Rrounding    the 

Impellef! 

h'ddlal  Out  ward  Flow.  When  radial  outward  flow  takes  place 
from  a  central  point  of  supply  between  two  horizontal  plates, 
aud  the  concentric  cylindrical  sections  are  maintained  full,  it  fol- 
lows that  the  radial  velocity  at  any  point  will  vary  inversely  as 
the  radius  of  the  point.  Neglecting  loss  of  head  due  to  friction 
and  considering  the  flow  steady,  it  is  evident  that  for  any  point 
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in    till'    horizonlal    plane    midway   Lctwri'n    tlu'    plates,    pressure 
Ib'ad  i)lns  velocity  liead  is  e(iual  to  a  constant. 

Letting'  r.  ii  and  p  represent,  respectively  the  radius,  velocity 
and  pi'essure.  at  the  point  of  supply,  corresponding"  in  later  dis- 
cussion to  the  ])eriphei-y  of  the  impeller  of  a  pump,  and  rn.  Un 
and  p„.  the  radius,  velocity  and  pressure  corresponding'  to  the 
radius  rn,  and  expressing  pressures  in  linear  units  of  water. 

u,,'  u" 

The  numerical  increase  in  j)ressure.  due  to  increase  in  radius, 
would  therefore  be  e(|ual  to  the  difference  in  velocity  heads  cor- 
responding to  the  velocities  at  the  two  radii  considered,  or 

u"  u,/ 

P„  —  P  =  ,      —     ■   . 

p..  =  C  —  --  -^. 

•2  g  r„ 
This  is  the  equation  of  an  hyperbola  referred  to  rectangular  co- 
ordinates with  the  center  of  co-ordinates  at  the  center  of  the 
source  of  supply  (center  of  impeller).  The  curve  is  as\antotic  to 
the  vertical  axis  through  the  center  of  the  source  of  supply,  and 
to  a  horizontal  line  located  at  height.  C,  above  the  center  of  the 
plati's.  Since  p„  represents  the  pressure  at  radius  r,,.  it  will  also 
represent  the  height  of  the  free  surface  of  zero  pressure,  above 
the  horizontal  axis  midway  between  the  plates  and  the  equation 
of  the  liyperbola  given,  determines  therefore,  the  form  of  the  free 
surface  of  zero  pressure,  and  of  surfaces  of  ecpial   pressure. 

Frrr  Circular  or  CiiUndrirnJ  Vorh.r.  A  free  circular  or 
cylindrical  vortex  is  a  revolving  mass  of  water  in  which  the 
stream  lines  are  concentric  circles  and  in  which,  neglecting"  vis- 
cosity, the  energy  per  nnit  mass  is  everywhere  the  same.  The 
total  head  for  each  stream  line  is  therefore  constant,  and  on  any 
horizontal  ])lane  the  pressure  head  plus  velocity  head  would  re- 
main constant.  As  the  only  external  force  consists  of  balanced 
normal  pressure  towai'd  tlie  center  of  rotation,  the  angular  im- 
pulse is  zero  and  hence  if.  by  any  slow  motion,  jiortions  of  water 
shonld  move  from  one  stream  line  to  another,  as  would  occur 
with  a  small  escape  or  supply  at  the  center  of  rotation,  their 
angular  momentum   would   reiiuiin  constant,  and  since  angular 

i  303  I 


lU)  in'LI.ETIN    OF    THE    UNIVERSITY    VF    WISCONSIN 

momentum  is  proportional  to  velocity  times  lever  arm,  the  veloc- 
ity would  vary  inversely  as  the  radius.  The  form  of  the  free 
surface  of  zero  pressure,  and  of  surfaces  of  equal  pressure,  would 
therefore  be  the  same  as  that  for  the  case  of  radial  outward 
flow  already  described. 

Fi'ee  Spiral  Vortex.  A  free  spiral  vortex  is  compounded  from 
the  motions  of  a  free  radial  flow  and  free  circular  vortex,  pro- 
vided each  component  of  velocity  varies  inversely  as  the  radius. 
The  actual  velocity  at  any  point  would  therefore  be  inversely 
as  the  radius  of  the  point  and  the  stream  lines  would  form  a 
series  of  equiangular  or  logarithmic  spirals. 

When  water  is  delivered  from  the  circumference  of  the  im- 
peller of  a  centrifugal  pump  and  suitable  opportunity^  is  afforded, 
a  free  vortex  is  formed  following  somewhat  the  law  of  the  equi- 
angular outward  flow  spiral  vortex.  It  is  of  value  to  know  how 
nearly  the  theoretical  laws  of  the  spiral  vortex  are  followed. 

Plate  XX:I  shows  the  results  of  measurements  of  pressures, 
in  feet  of  w^ater,  in  the  vortex  chamber  at  the  inner  edge  I  and 
outer  edge  0,  corresponding  to  a  speed  of  1,120  revolutions  per 
minute  and  a  discharge  of  2.48  cubic  feet  per  second.  The  ae- 
fual  increase  of  pressure  in  feet  of  water  is  seen  to  amount  to 
about  8.5  feet.  To  determine  the  increase  in  pressure  or  head 
that  would  occur  if  the  law  of  the  equiangular  spiral  vortex  is 
followed :  The  vanes  of  the  impeller  are  radial  and  the  tan- 
gential component  of  the  absolute  velocity,  v,  at  the  outlet  of 
the  impeller  will  be  taken  as  equal  to  the  peripheral  velocity,  V, 
of  the  impeller,  or  to  42.8  feet  per  second ;  the  radial  com- 
ponent of  the  absolute  velocity  will  be  taken  as  equal  to  the 
discharge  divided  by  the  area^  (0.124  square  feet)  of  the  outlet 
openings  of  the  impeller,  or  20.0  feet  per  second.  The  absolute 
velocity  at  the  outlet  of  the  impeller,  computed  from  the  two 
components  of  the  velocity,  is  found  to  equal  47.3  feet  per 
second.  The  ratio  of  the  inner  radius  of  the  vortex  to  the  outer 
radius  is  equal  to  0.68  and  if  the  law  of  the  equiangular  spiral 
vortex  is  followed,  the  velocity  at  the  outer  ed^e  of  the  vortex 


5  Notice  that  the  area  of  the  outlet  openings  of  the  impeller  is  only 
about  one-half  the  circumferential  area  of  the  impeller.  See  Part  I, 
page  464. 

[304] 


STEWART INVESTIGATION    OF    CENTRIFUGAL    PIMPS — II       117 

waiild  be   equal  to  0.68  v.       The  theoretical  ineivase   of  head 
would  therefore  be: — 

r-         (68  r)^  r^ 

The  efficiency  of  the  vortex  may  be  taken  as  the  ratio  of  the 
actual  head  gained  to  the  theoretical  head  gained;  giving  an 
efficiency  for  tlic  ease  cited  of  about  45  per  cent.  For  a  dischariie 
corresponding  to  the  economical  condition  of  working,  and  the 
same  speed,  the  radial  component  of  the  absolute  velocity  at  the 
outlet  of  the  impeller  would  l)e  equal  to  about  10  feet  per  sec- 
ond. The  absolute  velocity  at  the  outlet  of  the  impeller  would 
then  be  equal  to  about  44  feet  per  second.  The  theoretical  head 
gained,  due  to  the  vortex  chamber,  would  be  equal  to  about  16.2 
feet.  The  measured  gain  of  head  from  the  inner  edge  of  the 
vortex  to  the  center  line  of  the  discharge  chamber  (Plate  XVII), 
averaged  about  5  feet.  Crediting  about  one-fifth  of  this  amount 
to  the  gain  of  head  due  to  reduction  of  velocity  as  the  water 
enters  the  discharge  chamber,  there  remains  about  4  feet  as  the 
gain  of  head  due  to  the  vortex  chamber.  The  efficiency  of  the 
vortex  chamber,  at  the  economical  condition  of  working  the 
pump,  was  therefore  about  25  per  cent.  For  a  further  decrease 
of  discharge,  the  actual  gain  of  head  from  the  inner  edge  of 
the  vortex  to  the  center  line  of  the  discharge  chamber  gradually 
approached  a  value  of  about  one  foot,  which  corresponded  to 
the  condition  of  impending  delivery  (see  Table  XXVI).  The 
theoretical  gain  of  head  for  small  discharges  would  remain  about 
16  feet.  The  results  show,  therefore,  that  the  efficiency  of  the 
vortex  increased  with  the  discharge,  and  reached  a  maximum  of 
about  45  per  cent. 

In  order  to  gain  some  knowledge  of  the  direction  and  char- 
acter of  the  current  in  the  vortex  chamber,  an  attempt  was 
made  to  insert  a  light  brass  vane  of  the  same  width  as  the  vor- 
tex, and  arranged  so  as  to  l)e  free  to  assume  the  direction  of  the 
current.  The  vane  was  about  two  inches  long  and  was  free  to 
turn  on  a  light  steel  shaft  about  three-sixteentlis  inches  in  di- 
ameter, inserted  at  point  Xo.  4',  Plate  VII.  One  end  of  the 
shaft  extended  through  the  pump  casing  and  had  an  index  arm 
attached,  for  indicating  tlie  direction  of  the  vane.  On  attempt- 
ing to  use  the  apparatus,   it  was  found  to  vibrate  through  an 
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aniilc  of  ;il)(iut  live  (Icui'ccs.  and  at  such  a  rapid  rate  that  the 
stcrl  shaft  was  i-(  pcatedly  broken  in  about  'one  hour's  time, 
'riu-  only  I'cliahh'  i-eadings  taken  were  for  a  discharge  and  head 
corresponding  practically  to  results  platted  in  Plate  XXI,  and 
indicated  that  the  vane  made  an  angle  of  about  85  degrees  with 
the  direi'tion  of  the  radius  through  point  No.  4'.  Very  little 
can  be  inferred  from  tliis  I'c^ading,  however,  as  to  the  direction 
of  the  current  at  point  No.  4',  as  the  pressure  of  the  current 
near  the  free  end  of  the  vane  would  have  greater  etfect  in  fixing 
tlie  direction  of  the  vane,  than  that  near  the  axis  of  rotation. 
As  an  approximation,  the  vane  may  be  assumed  as  parallel  to 
tlu^  current  at  a  point  about  two-thirds  the  length  of  the  vane 
from  the  fixed  end ;  theii  with  an  angle  of  85  degrees  at  point 
No.  4',  the  current  would  be  making  an  angle  of  about  70  degrees 
with  the  radius  through  the  point  two-thirds  the  length  of  the 
vane  from  the  fixed  end,  and  located  about  midway  in  the  vor- 
tex chamber. 

The  very  rapid  vibration  of  the  \ane  indicated  that  the  cur- 
rents went  through  the  vortex  chamber  in  a  manner  which  may 
be  likened,  somewhat,  to  the  flow  of  the  jets  from  a  simple  form 
of  barker  wheel,  constructed  by  having  the  outlets  submerged, 
and  located  on  the  circumference  of  the  lower  end  of  a  vertical 
cjdinder  filled  with  water,  and  made  to  revolve  by  the  relief  of 
pressure  due  to  the  flow  through  the  outlets.  The  vane  in  the 
vortex  chamber  apparently  changed  its  direction  as  each  stream 
or  jet  from  the  twelve  water  passages  in  the  impeller  of  the 
pump  passed  by  it.  As  the  speed  of  the  pump  was  1,120  revolu- 
tions per  minute,  the  indications  were,  though  not  definitely 
proven,  that  the  rate  of  vibration  of  the  vane  was  about  13.000 
per  minute. 
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RESULTS  OF  :\rEASTTRE:\IENTS  SHOWING  ROTATION 
OF  WATER  IX  THE  SUCTION  PIPE,  NEAR  THE  EN- 
TRANCE TO  THE  PUMP. 

In  order  to  gain  cxiicriiiicntal  knowledge  in  regard  to  the  oon- 
ditions  that  existed  at  the  entrance  to  the  impeller  of  the  pump, 
an  instrument  shown  by'  photograph,  Plate  XXIV,  and  which 
has  been  termed  a  rotometer,  was  devised.  The  instrument  con- 
sists of  four  plain  lilades  -of  light  galvanized  iron,  arranged  to 
intersect  and  revolve  about  an  axis  located  on  the  center  line  of 
a  piece  of  brass  pipe  about  six  inches  long  and  six  inches  in  di- 
amett'r.  The  blades  were  5  inches  long  in  the  direction  of  the 
diameter  of  the  pipe,  and  had  a  width  of  21/2  inches,  measured 
along  the  axis  of  the  pipe.  The  instrument  could  be  inserted  in 
a  common  six  inch  iron  pipe,  and  if  the  water  had  a  spiral  mo- 
tion in  passing  through  the  pipe,  the  blades  of  the  instrument 
would  be  rotated.  The  speed  of  rotation  of  the  blades  would 
be  slightly  less  than  that  of  the  water,  but  the  results  would  be 
approximate  and  at  least  show  whether  spiral  motion  of  the 
water  existed.  A  make  and  break  electrical  circuit  was  arranged 
on  the  instrument,  somewhat  similar  to  that  on  the  ordinary 
water  current  meter,  and  thf  mimlM  r  of  revolutions  in  a  given 
time  period  was  obtained  by  an  electrical  recorder  placed  in 
the  circuit. 

The  rotometer  was  placed  in  th^  six-inch  suction  pipe  and 
readings  were  taken  with  the  center  of  the  blades  in  three  posi- 
tions, 4,  6  and  18  inches  from  the  entrance  to  the  impeller,  the 
results  being  shown  in  Table  XXIX. 
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TABLE    XXIX. 

Results  of  Expekimknts  with  Kotometkr  in  Siction  Pipe. 

CiRcuL.\R  Case;  Impeller  With  12  V.\xes,  Are.v  of  W.\ti;h  Way 
Practically  Constant;  Center  of  Blades  of  Roto.meter  Four,  Si.\ 
AND  Eighteen  Inches  form  the  Entrance  to  Impeller 


Speed 

of 
pump. 

Head 
pumped 
against. 

Dis- 
charge. 

Longitu- 
dinal 

velocit.v 
in 

suction 
pipe. 

Reading   of  Roto- 

METER. 

Ct)mputed 
circum- 

Location 

ferential 

velocity. 

(6  in.  diam- 

4"               6" 

18" 

eter.) 

K.  P.  M.  1        Ft. 

Cubic  ft. 
per  sec. 

Ft.  per 
sec. 

R.  P.  SI.    R.  P.  M. 

R.  P.  M. 

Ft.  per 

sec. 

077            14  1 

2.00 
2.28 
1.85 
1.28 
"1.00 
0.9O 
0.70 
0.00 
0.00 
2.20 
2.50 
2.80 
O.IX) 
2.25 
2.40 
0  00 

10.0 
11.4 
9.2 
6.4 
5.0 
4.5 
3.5 
0.0 
0.0 

39 
40 
29 
20 
16 
11 
50 
233 
276 

1.02 

1  124             !7  5 

1.05 

1  128             24  0 

0.76 

1  1,30             29  2 

0.52 

1   125             ^^  S 

0.42 

1  1,30 

29.8 
29.4 

223.1 

231 . 1 
16.0 
18.0 
20.0 

223.0 
17.2 
17.9 

224.5 

0  29 

1  145 

1.30 

1  115 

6.10 

7.20 

1.307 

1  050 

25 

1  '^00 

30 

1  400 

30 

287 

1   l".iO 

1  06S 

16 

25 

242 

1  138 

1  loci 

'Discliarge  eoresponding  to  maximum  etticiency. 
2I)iscliarge  valve  closed. 

The  results  of  Table  XXIX  show  that  as  a  result  'of  the  vis- 
cosity of  the  water,  and  of  the  rotation  of  tlie  curved  bra-ss  guide 
which  was  keyed  to  the  end  of  the  pump  shaft,  and  which  served 
to  gradually  change  the  direction  of  the  water  entering  the  im- 
peller through  an  angle  of  90  degrees,  or  from  a  combination  of 
the  above,  and  a  natural  tendency  of  the  water  to  enter  the  im- 
peller in  a  direction  having  a  component  in  the  direction  of  ro- 
tation of  the  impeller,  a  spiral  vortex  of  some  form  was  set  up 
in  the  suction  pipe.  Referring  to  the  readings  taken  six  inches 
from  the  entrance  to  the  pump,  it  will  be  seen  that  the  blades 
revolved  at  the  rate  of  about  40  revolutions  per  minute  for  the 
large  discharge  and  low  head,  and  then  decreased  as  the  dis- 
charge decreased,  and  was  a  mmimum  of  about  11  revolutions 
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})(T  iiiimito,  correspoiuliny  to  a  discluir^'e  just  below  the  econom- 
ical workiiiy  conditions  of  the  pump.  For  a  further  decrea.se  in 
diseharjT:e.  with  decrease  in  head,  the  rotation  rapidly  increased 
and  reached  a  value  of  about  233  revolutions  per  minute,  cor- 
respondino-  to  zero  discharge.  The  vortex  then  occupied  the 
■whole  diameter  of  the  suction  pipe  and  extended  a  considerable 
distance  upstream  in  the  pipe,  as  shown  by  rate  of  rotation  at 
eighteen  inches  from  the  impeller,  being  practically  the  same  as 
at  six  inches.  That  the  rate  of  rotation  of  the  w^ater  was  fastest 
at  the  center  of  the  pipe,  was  shown  by  the  following  reading-s : 
For  a  speed  of  1.300  revolutions  per  minute,  entrance  to  pump 
under  pressure,  the  elevation  of  the  water  in  the  glass  tube,  which 
was  connected  to  the  suction  piezometer  and  showed  the  suction 
head  (positive),  was  0.3  feet  greater  than  the  elevation  of  the 
water  in  the  suction  pit,  while  if  the  computed  circumferential 
velocity  of  7.2  feet  per  second  had  occurred,  the  water  in  the 

tube  would  have  been  at  an  elevation  —  or  about  0.8  feet 
greater  than  that  in  the  suction  pit. 

The  comparison  of  the  readings  for  distances  of  four  inches 
and  six  inches  from  the  entrance  to  the  pump  for  the  large  dis- 
charge, seems  to  show  that  a  slight  increase  in  the  rate  of  rota- 
tion of  the  blades  occurred  with  increase  of  distance  from  pump. 
This  result  may  have  been  caused  by  the  blades  of  the  rotometer, 
extending  into  the  stream  line^  near  the  edge  of  the  pipe,  and 
which  had  a  much  smaller  rate  of  rotation,  and  would  imply  that 
the  diameter  of  the  spiral  vortex,  for  a  short  distance  at  least,  in- 
creased with  distance  from  the  pump.  The  readings  at  the  dis- 
tance of  eighteen  inches  show  that  for  the  large  discharges,  the 
rotation  extended  upstream  in  the  pipe  a  distance  of  about  two 
or  tliree  feet. 

The  results  with  the  rotometer,  in  general,  show  that  a  spiral 
motion  was  formed  in  the  suction  pipe,  as  the  water  approached 
the  impeller,  and  that  the  absolute  velocity  of  the  water  at  en- 
trance to  the  impeller,  even  at  the  economical  working  condition 
of  the  pump,  had  a  component  in  the  direction  of  rotation  of 
the  impeller.  It  would  be  of  value  to  know  if  the  spiral  motion 
in  the  suction  pipe  still  persisted,  were  the  water  to  be  guided 
at  entrance  to  the  iniijellcr  l)y  stationary  in  place  of  a  revolving 
curved  guide. 
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EQUATION  REPRESEXTIXO  ArPKOXIMATE  LAW  FOR 
THE  DISCHARGE  OF  A  CEXTRIFUGAL  PU:\IP 

All  attempt  lia.s  been  made  to  determine  the  approximate  law 
showing  the  rehition  hetween  tlie  diseliarge  Q,  the  head  h, 
piimped  against  and  the  ])<'riplicral  velocity  V,  of  the  impeUer. 
For  this  purpose  two  general  equations 

K,   Q=^  —  K,  Q  V  — V^  +  K,h  =  0,  (1) 

and         A  Q-  —  P  Q  —  V- +  Ch  =  0  (2) 

have  been  assumed,  where  Kj,  Ko.  K.;  and  A,  B  and  C  are  con- 
stants to  be  determined.  These  two  forms  of  equations  would 
naturally  be  suggested,  as  possibly  representing  the  relation  of 
the  three  yarial)les  Q.  V  and  h.  after  phitting  the  experimental 
results. 

Evaluation   of   Coefficients  for  General   Equation  No.   1 

The  form  ot  eciuation  K^  Q-  —  K^  Q  V  —  V-  +  K3h  =  0  has 
been  derived  l)y  Mr.  Charles  H.  Innes^  and  ^Mr.  Egon  R.  Griine- 
baum.  by  following  the  ordinary  theory  of  the  centrifugal  pump, 
and  equating  the  theoretical  head  to  the  head  pumped  against, 
plus  the  head  lost.  The  final  equation,  when  reduced,  takes  a 
form  similar  to  the  one  assumed.  The  theoretical  head  devel- 
oped, and  head  lost,  probably  occur  .somewhat  as  a,ssumed  and 
the  fornnila  thus  has  a  rational  basis. 

The  ((piatioii  contains  three  variables  Q.  V  and  h.  and  repre- 
sents tbe  surface  of  the  somewhat  complicated  hyperbolic  para- 
boloid ;  l»ut  by  taking  each  of  the  variables  consecutively  as  con- 
stant. Ihr  f(|uations  between  the  two  remaining  variables  repre- 
sent siini)l('  curves,  two  pai'abolas  jiiid  niic  liypcrboln.  AVitli  V 
constant,  the  etiuation  represents  the  rehitit)n  betwt'cn  Q  and  h, 
and  is  the  ec{uation  of  a  paral)ola  with  axis  parallel  to  h  (see 
Plate  XIV.  curves  marked  1  ).  Py  taking  various  values  for  V 
and  drawing  the  parabolic  curve  corresponding  to  each,  the  re- 
lation of  the  three  variables  can  be  readily  traced.  As  may  be 
sciii.  the  vertex  of  tlie  parabohi  gradually  ai)proaehes  tbe  axis 
of  h  as  V  decrea.ses.     If  the  assumed  form  of  equation  repre- 


^  "Ci)i1rifit(/<i1  I'lniipx.  'rinhhnx  mid  W'lifir  Moiuis"  by  Cliarlos  IT.  Innos.  1004. 
pjigo  24ti.  jind  "Ziir  TlirorU'  ilir  /.<  iihifiifinlpiinipni".  by  Kpon  R.  Oninolianniv 
pa  SIP  l.">. 
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sents  the  law  of  variation  between  the  three  variables,  these  para- 
bolas can  be  adjusted  to  the  experimental  results  by  choosing 
certain  values  of  the  constants  K^,  Kg  and  Kg. 

Similarly,  by  taking  h  as  constant  and  assuming  various  val- 
ues, the  resulting  equations  show  the  relations  between  Q  and  V 
for  each  value  of  h.  These  equations  represent  hyperbolas  and 
as  shown  on  Plate  X"S'.  have  their  transverse  axes  inclined  to 
the  axis  of  V. 

For  the  determination  of  the  constants  K^.  K,  and  K3,  the 
writers  mentioned  have  attempted  to  apply  the  ordinary  theory 
•of  the  centrifugal  pump,  and  the  constants  are  supposed  to  be 
capable  of  evaluation  when  the  form  of  the  impeller  and  pump 
casing  are  laiown.  With  more  experimental  data  as  to  some 
of  the  fundamental  formulae  for  loss  of  head,  as  for  example, 
loss  of  head  due  to  sudden  change  of  velocity  both  in  magnitude 
and  direction;  and  also  as  to  the  efficiencies  of  the  outward  flow 
free  spiral  vortex  and  of  diverging  guide  passages,  it  may  be 
possible  to  evaluate  the  constants  with  reasonable  degree  of  ac- 
curacy. In  the  present  case  the  constants  have  been  determined 
by  assuming  three  points,  M,  N  and  0,  Plate  XIV,  on  the  aver- 
age curves  representing  experimental  results,  speed  1,120  revolu- 
tions per  minute,  and  determining  the  equation  of  the  parabola 
with  axis  hori^zontal  passing  through  these  points.  To  determine 
the  value  of  K;.,  put  Q  =  0.  in  the  assumed  equation  and  obtain: 

y-  =  K,h. 
substituting  numerical  values  for  V  and  h.  and  using  the  foot- 
second  system  of  units,  the  value  of  K3  equals  76.5.     This  value 
of  Ko.  agrees  with  the  value  whieli  may  be  obtained  from  the 
equation 

V  =  1.09  \72gbi 
derived  from  experiment  as  giving  the  head  of  impending  de- 
livery. The  value  1.09  was  found  to  be  constant  for  all  speeds, 
so  the  value  76.5  for  K,  will  give  a  parabolic  cur^^e,  which  will 
pass  through  the  head  of  impending  delivery  corresponding  to 
any  peripheral  velocity  Y. 

The  values  of  K^  and  K2  Avere  determined  by  writing  two  in- 
dependent equations  containing  these  constants,  by  substituting 
in  the  general  equation  the  nmnerical  value  of  V  corresponding 
to  the  speed  of  1,120  revolutions  per  minute,  and  the  Q  and  h 
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values  of  the  coordinates  of  the  points  ]\I  and  N,  then  solving  for 
Kj  and  K2.  These  values  of  K^  and  Ko,  together  with  that  of  K3. 
Avhen  substituted  in  the  general  equation  No.  1,  gave  the  relation, 
between  Q,  V  and  h, 

478  Q-  — 23.6  Q  V  — V- +  76.5h  =  0.  (3) 

For  the  speed  of  1,120  revolutions  per  minute,  V;=42.8  feet 
per  second  and  the  (■(luation  bccoiiics  tliat  of  a  parabola, 
478  Q-  —  I.OIO  q  —  1  .^'SO  +  7<).5  h  —  0  (4) 
The  constants  have  been  so  chosen  as  to  make  the  parabola,  for 
speed  of  1,120  revolutions  per  minute,  agree  with  the  experi- 
mental results  as  nearly  as  possible.  (See  Plate  XIV,  curves 
marked  1.)  It  will  be  seen  that  there  is  considerable  variation 
between  the  two  curves  for  low  heads,  but  for  heads  greater 
than  about  one-half  the  maximum  head  which  the  pump  will 
hold  up,  and  which  covers  the  working  conditions  of  the  pmnp, 
the  ecjuation  may  be  taken  as  expressing  the  relation  between 
Q  and  h.  In  order  to  compare  the  actual  and  theoretical  effect 
of  a  change  in  the  peripheral  velocity.  V,  on  Q  and  h,  values  of 
V,  corresponding  to  the  speeds  of  1.300  and  1,500  revolutions 
per  minute,  have  been  substituted  in  equation  No.  3  and  the 
resulting  parabolas  plated  on  Plate  'XIV.  curves  marked  1.  At 
the  speed  of  1,300  revolutions  per  minute,  an  increase  of  about 
15  per  cent  in  speed,  there  is  still  quite  close  agreement  between 
the  theoretical  and  experimental  curves,  the  theoretical  curve 
giving  values  of  discharge,  for  a  given  head,  about  ten  per  cent 
greater  than  the  actual.  At  the  speed  of  1,500  revolutions,  an 
increase  of  about  35  per  cent  in  speed,  the  theoretical  values  for 
discharge  for  a  given  head,  are  considerably  larger  than  the  ex- 
perimontal.  aiiidunting  to  about  25  iier  cent. 

In  order  to  compare  the  theoretical  and  actual  relation  of 
Q  and  V  for  various  heads,  values  of  h  equal  20,  30  and  45  feet 
respectively,  have  been  substituted  in  equation  No.  3,  and  the 
resulting  hyperbolas  platted  on  Plate  XV,  curves  marked  1. 

The  hyperbola  corresponding  to  30  feet  head  practically 
agrees  with  the  experimental  results,  as  the  constants  of  the  gen- 
eral equation  have  been  assumed  of  such  value  as  to  make  this 
agreement.  For  a  head  of  45  feet  and  speed  of  1,500  revolu- 
tions per  minute,  corresponding  to  an  increase  in  speed  of  about 
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.^5  per  cent,  the  value  of  the  discharge,  taken  from  the  curve  of 
the  hyperbola,  is  about  25  per  cent  too  large. 

Evaluation  of  Coefficients  for   General   J^quatiox   No.   2 

With  this  form  of  equation  : 

A  q'  —  B  Q  —  V-  +  Ch  =  0. 
tlu'   i)arab()las  representing  the  relation  between   Q  and  h.   for 
various  values  of  V.  have  their  axes  horizontal  and  located  at  a 
constant  value  of  Q.      (See  Plate  XIV,  curves  marked  2.)      The 
hyperbolas  representing  the  relation  between  Q  and  V,  for  var- 
ious values  of  h,  also  have  their  transverse  axes  parallel  to  the 
li  axis,  and  located  at  the  same  value  of  Q  as  the  parabolic  curves 
(see  Plate  XV.  curves  marked  2).     The  values  of  the  coefficients 
A,  B  and  C  have  been  determined  in  the  same  manner  as  the 
values  of  K^,  K2  and  Kg.     For  the  speed  of  1,120  revolutions  per 
minute,  the  equation  of  the  parabola  showing  the  relation  be- 
tween Q  and  h  is  the  same  as  equation  No.  4, 
473  Q-  —  1,010  Q  —  1.830  +  76.5h  =  0. 
and  the  general  equation  No.  2  containing  the  three  variables 
Ijecomes : 

473  Q-  — 1,010  Q —V-  +  76.5h  =  0  (5) 

Comparing  the  computed  results  by  using  equations  Nos.  3 
and  5,  and  illustrated  by  curves  marked  1  and  2.  Plate  XIV. 
with  the  experimental  results,  it  may  be  noted  that  for  a  speed 
of  1,300  revolutions  per  minute,  an  increase  in  speed  of  about 
15  per  cent,  the  computed  discharge  corresponding  to  a  head  of 
38  feet,  curves  marked  1  give  results  about  10  per  cent  too  large. 
while  curves  marked  2  give  results  about  10  per  cent  too  small. 
For  a  speed  of  1.500  revolutions  per  minute,  an  mcrease  in 
speed  of  about  35  per  cent,  the  discharge  corresponding  to  a  head 
48  feet,  curves  marked  1  give  results  about  25  per  cent  too  large 
while  curves  marked  2  give  results  about  20  per  cent  too  small. 
Curves  marked  2  are  thiLS  slightly  more  accurate  for  large  per- 
centage change  in  speed  and  apparently  agree  with  the  form  of 
the  experimental  curve  somewhat  better. 

It  is  worthy  of  note  that  an  average  of  the  results  by  the  two 
curves  marked  1  and  2  would  give  very  close  agreement  with 
the  experimental  results.     Combining  equations  Xos.  3  and  5, 
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there  results  as  the  final  (Mniatidii  showing'  the  rehitinn  hetweeii 
q.  V  and  h. 

47;:!  q'  —    \  Q  (23.6  V  +  1,010)  —  V-   -f  76.5  h  =  0     (6) 
The  results  by  using  equation  No.  6  are  shown,  on  Plates  XIV 
and  XV.  as  eurves  marked  3. 

Tlie  results  of  the  ooniprtTations  show  that  for  the  pump  ex- 
perimented with,  a  pump  with  fn'e  vort(\x  surrounding  the  im- 
peller, and  a  sjiiral  discharge  ehamhei-.  a  general  equation  of 
either  form  : 

K  q'  -  K,  q  V  —  V-  +  Kdi  =0, 

or         A  Q^  — B  Q  — V-  +  Ch==0. 

can  be  adjusted  to  agree  with  the  experimental  results  at  one 
speed,  the  heads  pumped  against  for  the  given  speed  exceeding 
about  one-half  the  maximum  head  which  the  pump  will  hold  up, 
and  the  resulting  equation  can  be  used,  with  reasonable  accuracy, 
to  determine  the  eft'ect  of  moderate  changes  in  one  or  all  of  the 
three  variables.  Also  that  by  averaging  the  computed  results 
by  using  the  two  forms  of  equations  or  preferably  by  combining 
these  two  equations  into  a  single  equation,  the  final  computed 
values  by  using  this  equation,  will  be  in  very  close  agreement 
with  the  experimental  results.  From  the  comparisons  shown, 
it  would  be  reasonable  to  assume  that  the  application  of  the 
method  described,  would  give  the  discharge  within  about  10  per 
cent,  when  the  percentage  change  in  spiked  does  not  exceed  about 
50  per  cent. 
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SUM:\rARY  OF  CONCLUSIONS  FROM  PARTS  I  AND  11 
OF  INVESTIGATION  OF  CENTRIFUGAL  PUMPS 

Part  I — Results  of   Experiments  With  Six  Inch  Vertical 
Centrifugal  Pump 

1.  The  efficiency  of  centrifugal  pumps,  and  especially  of  deep 

well  vertical  centrifugal  pumps,  with  impellers  having 
radial  enclosed  vanes,  cannot  exceed  50  per  cent  unless 
some  provision  is  made,  by  means  of  a  suitable  vortex 
chamber  or  by  guide  vanes,  for  converting  the  kinetic 
energj'  due  to  the  absolute  velocity  at  the  outlet  of  the 
impeller,  into  pressure  energy. 

2.  The  results  of  experiments  with  impellers  having  radial  en- 

closed vanes,  show  that  varying  the  number  of  vanes  of 
the  impeller  between  the  Nos.  6  to  24  makes  very  little 
difference  in  either  efficiency  or  capacity. 

3.  By  comparison  of  the  results  of  experiments,  with  impellers 

having  radial  vanes  and  the  area  of  cross-section  of  water- 
way between  vanes,  first  increasing,  and  second  practi- 
cally constant,  it  is  shown  that  there  is  very  little  change 
in  either  efficiency  or  capacity.  The  conclusion  is  evident, 
that  in  the  case  of  the  impellers  having  areas  of  cross-sec- 
tion of  waterway  increasing,  that  the  entire  cross-section 
is  not  utilized  for  dischargie,  and  that  there  is  a  revolving 
dead  water  space.  The  normal  component  of  the  absolute 
velocity  of  the  water  at  the  outlet  of  the  impeller,  cannot 
therefore  be  computed  indiscriminately,  by  dividing  dis- 
charge by  the  sum  of  the  circumferential  areas  of  the 
outlets  of  the  impeller. 

4.  For  impellers  having  radial  enclosed  vanes,  the  ordinary  for- 

Y  2  Y  2 

mulae, — ,  f or  determining  theoretical  head,  and  W  Q — , 

g  "^  •  "  g 

for   determining  theoretical   power  input,    gave   results 
for  the  economical  working  conditions  of  the  pump,  too 
large  by  about  the  following  percentages : 
for  the  impellers  having  24  vanes,  error  10  per  cent, 
for  the  impellers  having  12  vanes,  error  20  per  cent, 
for  the  impellers  having    6  vanes,  error  30  per  cent. 
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1*akt  li resiil.ts  of  experiments  with  six  ixch  horizontal 

Centrifugal  Pump  . 

1.  Efifeet  of  leakajje  of  air,  Plate  XII;  at  the  economical  work- 

ing condition  of  the  pump,  a  leakage  of  air  of  about  .01 
cubic  feet  per  second,  equal  to  about  one  per  cent  of  the 
voluim>  of  discharge,  and  recpiiring  special  means  to  de- 
tect, the  effect  was  a  decrease  in  liead  of  about  10  per 
cent,  a  decrease  in  capacity  of  about  15  per  cent,  and  de- 
crease in  efficiency  of  about  5  per  cent,  while  for  heads 
somewhat  below  the  economical  working  condition,  with 
resulting  increase  in  discharge,  the  effect  of  leakage  of 
about  .04  cubic  feet  per  second,  or  about  2  per  cent  of 
the  volume  of  discliarge,  was  a  decrease  in  head  of  about 
20  per  cent,  a  decrease  in  discharge  of  about  20  per  cent, 
and  the  efficiency  remained  the  same. 

2.  Comparison    of   results   with   spiral    case   and   circular   case; 

Plate  XVI:  With  the  speed  of  the  pump  at  1.120  revolu- 
tions per  minute,  and  for  the  economical  working  condi- 
tion, the  maxinuun  efficiencies  v;ere  57  an.d  52  p 'r  cent  n^- 
spectively.  the  spiral  case  furnishing  the  most  water  for  a 
given  head  b,y  about  20  per  cent.  For  a  speed  of  1,300 
revolutions  ]>er  minute  tlie  c(-m])arison  was  not  quite  so 
favorable  to  the  spiral  case,  the  maximum  efficiencies 
being  54  and  53  per  cent  respectively,  the  spiral  case  still 
furnisliing  al>out  20  per  cent  more  water. 

3.  Conip.irison  of  results  of  experiments,  entrance  to  pump  un- 

der pressure  and  entrance  to  pump  under  suction  :  Plates 
XllI  and  XI\\  The  results  of  the  comparison  showed 
that  the  curves  representing  capacity,  etliciency.  horse 
powci-  output  and  hoi'sr  power  iiijuit  I'emained  un- 
changed, when  the  conditions  at  the  enti'ance  lo  the  pump 
A\"ere  changed  from  one  of  pressure  to  one  of  suction. 

4.  Efficiency  of  the  vortex  chamber  surrounding  the  Impeller; 

The  results  of  the  experiments  showed  that  the  efficiency 
of  the  vortex  chamber,  increased  with  the  discliarge.  was 
about  25  per  cent  at  the  economical  working  condition  of 
the  i)ump,  and  was  a  maxinuun  of  about  45  per  cent  for 
conditions  of  low  head  and  large  discharge. 
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5.  Results  of  measurements  showing  rotation  of  water  in  the 

suction  pipe  near  the  entrance  to  the  pump;  The  results 
with  the  rotometer  showed  that  a  spiral  motion  was 
formed  in  the  suction  pipe,  as  the  water  approached  the 
impeller,  and  that  the  absolute  velocity  of  the  water  at 
entrance  to  the  impeller,  even  at  the  economical  working 
condition  of  the  pump,  had  a  component  in  the  direction 
of  rotation  of  the  impeller. 

6.  Equation  representing  approximate  law  for  the  discharge  of 

a  centrifugal  pump,  with  a  free  vortex  surrounding  the 
impeller  and  having  a  spiral  discharge  chamber;  xVssum- 
ing  equations  of  the  form: 

K^Q^  —  K,QV  —  V^'  +  K,h  =  0 
and       AQ-  —  BQ  —  V-  +  Ch  =  0 

where  Kj,  Ko,  Kg  and  A,  B  and  C  are  constants,  and  Q.  Y 
and  h  represent  discharge,  peripheral  velocity  of  the  im- 
peller and  head  respectively,  the  values  of  the  constants 
may  be  determined  so  as  to  fit  the  experimental  results 
at  one  speed.  Each  of  these  equations  will  then  repre- 
sent the  relation  between  Q,  V  and  h.  with  reasonable  ac- 
curacy for  moderate  changes  in  the  variables.  By  com- 
bining the  two  equations  into  one,  the  final  equation  will 
represent  the  relation,  for  a  much  larger  change  in  one 
or  all  of  the  variables.  The  results  of  the  experiments 
seemed  to  show,  that  the  discharge  may  be  determined 
wathin  about  10  per  cent  when  the  percentage  change 
in  speed  does  not  exceed  about  50  per  -ent. 
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PRHPACI- 


This  ])ulletin  has  a  three-fold  object : 

First.  To  sii})i)]y  managers  of  sewage  pui'itication  }»lauts 
with  a  hi'ief  and  siiiiph'  statement  of  the  fundamental  pi-ineiples 
of  sewage  purification,  and  a  discussion  of  the  prohh'ms  arising 
in  the  practical  operation  of  plants. 

Second.  To  furnish  city  officials  and  others  considering  the 
desirability  or  necessity  of  installing  purification  plants  in  Wis- 
consin -with  an  insight  into  the  sanitary  and  legal  c^uestions  in- 
volved. 

Third.  To  present  to  students  of  sanitary  science  the  re- 
sults of  a  brief  study  of  the  operation  of  various  Wisconsin 
l)lants. 

In  tlie  preparation  of  the  matter  relating  to  the  operation  of 
])lants.  periodical  and  other  literature  on  the  subject  has  been 
freely  drawn  upon. 

The  illustration  of  the  AYauwatosa  filters  was  supplied  by 
John  W.  Alvord  of  Chicago,  Illinois.  The  view  of  the  Wor- 
cester filter  beds  was  supplied  ])y  Harrison  P.  Eddy  of  Boston; 
Mass.  The  view  of  the  Brocton  filters  was  supplied  by  X.  H. 
Goodnough  of  Boston,  iMass.  The  views  of  the  gravity  dis- 
tributor and  sprinkler  were  furnished  by  Earle  B.  Phelps  of 
Boston.  ^lass.  The  authoi-s  desire  to  thank  these  gentlemen 
for  their  kindness  in  allowing  the  reproduction  of  these  views. 
They  also  wish  to  thank  tlie  superintendents  and  others  who 
have  furnished  samples  and  data  from  the  various  plants 
studied. 


SHWAGH   PrKlFllATlOX  WITH  Sl'MlAL    Rlil-l-Rl-.XCE 
TO  WISCONSIN  CONDITIONS 


THE  SEWAGE  PROBI^KM 

The  piohlciii  of  disposing  of  tloiiicstic  organic  waste  material 
is  one  of  the  most  imi)ortaiit  ones  atfectiiig  the  public  health  of 
communities.  It  lias,  from  remote  times,  lieen  studied  by  sani- 
tarians, and  codes  of  rules  ha\e  been  fonnidated  for  its  solu- 
tion, (hie  of  the  most  popular  and  eifective  methods  of  dis- 
posal ciuployed  has  been  the  removal  of  the  wastes  to  a  place 
sufficiently  far  fi'om  the  community  to  preidude  any  possibility 
of  nuisance  arising  from  them.  l)ut  the  eom])aratively  recent 
practice  of  diluting  the  wastes  with  large  (piantities  of  water 
and  conveying  them,  in  solution  and  in  suspension  in  the  liquid, 
through  sewers  to  a  convenient  point  of  disposal  has  introduced 
new  factors  into  the  i)rohlem.  The  tremendous  increase  in  the 
volume  of  matter  to  be  dealt  with,  occasioned  by  the  dilution 
with  water,  has  made  it  imi)ossible  to  confine  the  wastes  to  a 
limited  locality,  but  instead,  the  sewage  is  necessarily  turned 
into  some  dr-ainage  channel,  to  the  jeopardy  of  the  lives  and 
health  of  other  communities. 

The  discharge  of  a  relatively  small  amount  of  sewage  into  a 
stream  brings  about  no  serious  conditions;  but,  as  the  amount 
of  sewage  increases,  due  to  the  building  of  new  sewer  systems 
and  an  increase  of  population,  the  water  of  the  stream  becomes 
discolored;  a  greasy  scum  appears  on  the  surface,  foul  mud  is 
deposited  on  the  bottom,  and  the  stream  becomes  offensive  and 
dangerous. 

As  the  custom  of  discharging  raw  sewage  into  water  courses 
becomes  more  prevalent,  the  difficulty  of  securing  pure  water 
for  stock  and  for  domestic  use  increases.     In  fact,  the  protection 
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of  streams  and  lakes  from  pollution  by  sewage  has  become  one 
of  the  great  problems  of  the  present  day,  for  the  use  of  impure 
water  for  domestic  purposes  is  responsible  for  a  large  percent- 
age of  all  sickness  and  deaths.  It  is  a  very  important  cause  of 
diarrhoea,  typhoid  fever,  cholera,  and  probably  a  number  of 
other  diseases. 

Typhoid  fever,  for  example,  is  caused  by  the  infection  of  the 
human  body  by  microscopical  organisms  known  as  bacteria  or 
germs.  This  disease  may  localize  in  various  parts  of  the  body, 
but  most  commonly  the  small  intestine  is  the  principal  seat  of 
its  development.  It  is  apparent  that  large  numbers  of  the  bac- 
teria of  this  disease  naturally  find  their  way  into  sewage  through 
the  dejecta  from  the  body.  Unfortunately,  they  do  not  die  im- 
mediately on  leaving  the  body,  Imt  maintain  their  power  for 
harm  for  considerable  lengths  of  time.  It  has  been  determined 
tliat  they  will  retain  their  vitality  in  water  for  eight  or  nine 
days.  We  have  it  from  the  highest  authorities  in  preventive 
medicine,  that  of  all  diseases,  typhoid  fever  and  smallpox  come 
the  nearest  to  being  preventable.  Typhoid  fever  could  be  prac- 
tically abolished  by  preventing  the  pollution  of  our  milk  and 
water  supplies.  Other  diseases  may  be  caused  in  the  same  way 
by  the  growth  of  some  bacteria  in  the  body,  while  still  others 
may  be  caused  simply  by  the  irritation  caused  by  poisons  in 
the  water. 

Sewage  works  in  the  United  States,  are  not  usually  expectecl 
to  turn  out  an  effluent  satisfactory  for  use  as  a  water  supply; 
but  the  passage  of  the  sewage  through  the  works  should  result 
in  a  great  reduction  in  the  number  of  liacteria  present  and  in 
the  prevention  of  unsanitary  conditions  in  the  stream  recei^ang 
it.  To  entirely  remove  the  bacteria  would  require  some  method 
of  sterilization,  or  very  expensive  filtration  works,  and  the  adop- 
tion of  either  of  these  methods  has  not  been  considered  practi- 
cable at  the  present  time.  But  in  those  places  where  it  is  nec- 
essary to  use  a  stream  receiving  sewage,  as  the  source  of  domes- 
tic water  supply  it  is  found  that  there  is  an  economic  advantage 
to  be  gained  as  well  as  a  greater  factor  of  safety,  as  far  as  bac- 
terial efficiency  of  the  water  filters  is  concerned,  by  the  partial 
purification  of  the  sewage  before  turning  it  into  the  stream. 
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In  soiiit'  places  1li('  sewa<>'('-iHilliitr(l  \v;itci-  is  not  used  \'ny  (Irink- 
iiii:'  or  l)athiii,u-  <•!•  \'ov  waterinji'  stock,  and  the  danger  of  iiit'oe- 
tioii  is  therefore  sliuiit.  lint  even  in  such  cases  serious  ])ollution 
of  the  water  cannot  he  tolei'ate<l  ue.-ii-  dwellings  oi-  ])laces  of 
emiiloynient  on  account  of  tlie  ott'ensive  (  dors  pi-oduced.  w  hich 
cause  depreciation  in  the  value  of  adjacent  pi'operty  and  incon- 
venience to  persons  in  the  vicinity. 
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THE   LAAV   KEGAEDIXG   SEWAGE    DISPOSAL 

Every  person  has  the  legal  right  to  the  fullest  enjoyment  of 
his  life  and  health,  and  anything  wrongfully  done  or  permitted 
which  injures  or  annoys  another  in  the  enjoyment  of  his  legal 
rights  is  said  to  be  an  actionable  nuisance.  The  discharge  of 
sewage  by  a  person  or  a  community  into  any  body  of  water, 
by  reason  of  causing  foul  odors  or  other  unsanitary  conditions, 
may  be  considered  a  nuisance  and  render  the  person  or  corpo- 
ration causing  the  nuisance  liable  to  legal  action.  The  follow- 
ing court  decisions  are  cited  as  illustrations : 

Putting  deleterious  and  offensive  substances  in  a  stream 
is  a  nuisance  and  is  ground  of  special  damages  to  a  land  o^^'ne^ 
below.     {Greene  vs.  Xunnemadur,  36  Wis.  50.) 

The  deposit  of  refuse  from  a  creamery  into  the  bed  of  a 
stream  flowing  through  plaintiff's  land  and  near  his  buildings, 
polluting  the  water  and  giving  off  noxious  gases  aft'ecting  the 
use  and  enjoyment  of  plaintiff's  property,  is  a  nuisance. 

A  creamery  company  will  be  enjoined  from  causing  of- 
fensive waste  matter  to  flow  upon  another's  pasture  to  its  in- 
jury.    (Price  vs.  Oakfield  Highland  C.  Co.,  87  Wis.  536.) 

Where  a  manufacturing  establishment  in  its  operations  dis- 
charges large  quantities  of  deleterious  substances,  thereby  pol- 
luting a  stream  and  destroying  the  fish,  and  such  injurious  sub- 
stances intermingle  with  the  water  and  render  it  less  available 
for  purposes  of  agriculture  and  stock  raising,  such  an  act  con- 
stitutes a  public  nuisance.     (72  N.  E.  Eep.,  879.) 

From  the  conflict  of  the  right  of  the  city  to  dispose  of  its 
sewage  and  to  make  reasonable  use  of  public  water  courses  for 
that  purpose  and  that  of  the  riparian  owner  to  have  the  water 
come  to  him  in  substantially  its  natural  state  arises  the  well 
established  rule  that  a  city  may  empty  its  sewers  into  such  bodies 
of  water,  but  cannot  do  so  in  such  a  way  as  to  create  a  nuisance, 
without  incurring  the  liability  to  parties  specially  injured 
thereby,  and  being  liable  as  well  to  indictment  on  behalf  of  the 
public,  if  the  nuisance  is  a  public  one.  {Central  Law  Journal, 
48:92.) 
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111  coiisidt'i-in^i'  the  cases  against  the  village  of  Saratoga,  N.  Y., 
the  court  followed  closely  the  axiom  that  a  riparian  owner  has  a 
right  to  the  flow  of  the  stream  as  "it  is  wont  by  nature,"  and 
a  contributor  of  pollution  is  liable  for  damages  regardless  of 
other  pollution  or  the  diluting  effects  of  the  stream.  The  court 
gave  judgment  in  favor  of  the  plaintiffs,  awarding  a  sum  for 
past  damages  and  so  much  a  year  from  the  time  of  the  trial, 
as  long  as  the  nuisance  lasted.  The  total  damages  paid  by  the 
city  of  Saratoga  Springs  exceeded  $20,000.  (F.  A.  Barbour, 
Jour.  AsHOc.  Eng.  Socs.,  34:33;  Feb.,  1905.) 

The  iiun-e  fact  that  a  city's  sewers  are  of  permanent  construc- 
tion does  not  render  permanent  also  the  nuisance  occasioned  by 
them,  such  as  poisoning  the  water  of  a  stream  and  so  injuring  the 
stock  in  i)asture.  for  in  such  ease,  the  city  has  a  right  at  any 
time  to  al)ate  the  nuisance  by  proper  means  of  filtration  or  other- 
Avise  using  such  sanitary  measures  as  to  render  the  sewage  in- 
nocuous. 

In  the  case  of  Smith  vs.  MUwaukr(\  18  Wis.,  p.  63,  the  court 
states  that  a  municipal  corporation  is  liable  for  a  nuisance 
caused  by  neglect  to  provide  sewage  disposal. 

In  the  state  of  Wisconsin,  the  circuit  courts  have  jurisdiction 
of  actions  to  recover  damages  for,  and  to  abate  private  nuisances 
or  a  public  nuisance  from  which  any  person  suffers  a  private 
or  special  injury,  peculiar  to  himself,  so  far  as  necessary  to  pro- 
tect the  rights  of  such  person,  and  to  grant  injunctions  to  pre- 
vent the  same. 

In  addition  to  the  general  law  relating  to  nuisances,  special 
legislation  has  been  enacted  in  the  interest  of  the  public  health. 
Thus  we  tmd  that  in  Wisconsin  it  is  incumbent  upon  the  State 
Board  of  Healtli  to  investigate  the  sanitai'y  coiulitimis  of  sew- 
age disposal  and  water  supplii's,  and  to  advise  local  authorities 
relative  to  the  sanitary  construction  and  management  of  the 
same.  The  state  board  has  power  to  make  rules  and  regula- 
tions pei-taining  to  the  carrying  into  effect  of  any  law  ])assed  by 
the  legislature,  and  the  laws  of  1905  further  provide  that  any 
person  who  shall  neglect  or  refuse  to  obey  such  rules  and  regu- 
lations, or  who  shall  willfully  ol)struct  or  hinder  the  execution 
thereof,  shall  be  punished  for  each  offense  by  a  tine  of  not  less 
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thiin  twcnly-livc  dollars  nor  iiiorc  than  five  hundred  dollars,  or 
by  iinprisoiinicnt  in  the  coiiuty  jail  for  not  more  than  six  months, 
or  by  both  tine  and  iniprisonment. 

All  plans  for  sewerage  systems  and  for  sewage  disposal  works 
mnst  be  submitted  to  the  State  Board  of  Health  for  approval. 
Tlie  degree  of  purification  wliieh  the  board  will  insist  upon  in 
any  particular  ease  depends  ui)on  the  local  conditions  at  that 
place. 
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l)l-:(iHi:E  OF  SKWACK  I'LKIFICATION  KE(,»LiKKL) 

.Ml-.  Hlliott  A.  Kiiuhcrly  supiiest.s'  the  following-  gMU-ral  rules 
to  gdvt'i-ii  the  nccdecl  degree  of  purification  of  domestic  sewage. 

"1.  AVliere  the  sewage  eftluent  is  to  1)0  discharged  into  run- 
ning sti-eanis  subject  to  Hoods  iind  with  a  water  containing  con- 
sideral)le  turbidity,  at  all  seasons  of  the  year,  the  degree  of 
pui-itN-  t-e(iuired  need  not  be  more  than  that  of  an  efthient  which 
undiluted  will  no  hmger  putrefy  under  summer  conditions. 

"2.  Tn  streams,  the  water  of  which  are  clear  except  at  times 
of  Hood,  the  purihcation  of  the  sewage  should  be  such  as  to  re- 
move from  it  the  largest  practicable  quantity  of  suspended  mat- 
.ter.  so  that  the  visible  purity  of  the  stream  will  not  be  affected, 
the  non-putrefaction  of  the  eftluent  being  taken  as  coincident 
with  a,  (U^gree  of  purification  which  will  afford  an  absence  of  all 
but   small   amounts  of  turbidity. 

■'o.  In  drinking  water  streams,  and  in  certain  cases  of  sea 
discharge  where  shell  fish  layings  nuist  be  protected  from  con- 
tandnation.  the  purification  of  the  sewage  must  needs  be  carried 
out  to  its  fullest  extent,  and  besides  the  production  of  a  chem- 
ically stal)le  ef'Huent,  the  prol)lem  practically  reduces  itself  to 
the  destruction  of  all  the  disease  producing  bacteria  present  in 
the  raw  sewage,  by  sub.jecting  the  well  purified  effluent  to  some 
form  of  sterilization  process."' 


*  The  Use  and  the  Abuso  of  Sowafrc  ruriflcation  Plants. 
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SEWAGE  PURIFICATION  METHODS 

JMeutioii  has  been  iiuulc  al)ove  of  the  fact  that  sewage  dis- 
charged into  a  stream  will  not  ordinarily  cause  a  nnisance,  pro- 
vided the  (|uantity  of  sewa^'e  is  small  relatively  to  the  volums 
of  flow  in  the  stream.  This  is  accounted  for  by  what  is  called 
self  purifivaiion.  Such  purification  is  brought  about  largely 
through  the  oxidation  of  the  impurities  by  the  air  in  solution 
in  the  water  and  through  the  sedimentation  or  settling  of  the 
impurities  by  their  own  weight  or  the  weight  of  particles  of 
mud  to  which  they  have  become  attached,  to  the  bottom  of  the 
stream  where  they  are  later  acted  on  by  living  organisms  in  a 
Avay  to  be  described  below.  Sunlight,  too,  has  great  effect  in 
killing  disease  germs  in  the  water  and  in  causing  chemical  action 
to  take  place  in  the  other  impurities.  But  all  these  processes 
require  much  time.  Currents  in  the  water  prevent  the  rapid 
settlement  of  impurities;  the  sun  is  unable  to  penetrate  far  into 
muddy  or  impure  water,  and  the  air  does  not  readily  become 
mixed  with  it ;  so  impure  water  sometimes  remains  impure  for 
long  periods  of  time.  The  Rivers  Pollution  Commissioners  of 
England  estimated  that  sewage  mixed  with  tw^enty  times  its 
volume  of  pure  water  would  be  only  about  two-thirds  purified 
in  a  flow  of  168  miles,  at  the  rate  of  one  mile  an  hour.  On  the 
other  hand,  it  has  been  claimed  that  a  satisfactory  degree  of 
purification  is  secured  in  the  case  of  the  sewage  of  Chicago  in 
a  relatively  short  length  of  flow  after  diluting  it  with  lake 
water  in  the  sanitary  canal.  In  the  cases  of  bodies  of  water 
like  lakes  and  large  reserA'oirs.  where  the  currents  are  very 
sluggish,  sedimentation  is  more  effective. 

Chemical  Methods 

Some  of  the  earliest  methods  used  for  artificially  treating 
sewage  in  large  ciuantities  were  chemical  in  character.  In  these 
methods  proper  amounts  of  certain  chemicals,  such  as  lime,  alum 
and  iron,  were  added  to  the  sewage;  the  chief  result  being  that 
the  impurities  in  suspension  w-ere  more  or  less  changed  in  na- 
ture and  were  caused  to  settle  to  the  bottom  of  a  settling  tank. 
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On  account  of  the  large  aiiMniiit.  nl'  sliiduc  ix-nducr,!  in  the  tank 
and  the  cost  of  the  chemicals  used,  this  method  has  not  become 
popular  for  treating  domestic  sewjige.  but  for  stniie  classes 
of  trade   wastes  it   is   the   only    met  hod    practicable. 

Biological  IMetiiods 

The  priiu-ipal  methods  of  artilicial  treatment  of  sewage  in 
use  at  the  present  time  are  biological;  that  is,  they  depend  on 
the  action  of  living-  organisms,  principally  certain  bacteria. 
As  before  stated,  some  diseases  are  caused  by  bacteria  or  germs, 
but  all  bacteria  do  not  produce  diseases;  some  ai-e  very  useful. 
The  various  kinds  of  cheese,  for  example,  are  pr(»dueed  by  cul- 
tivating the  growth  in  milk  of  different  kinds  of  bacteria,  which 
by  their  action  on  the  milk  change  its  nature.  Just  so,  in  sew- 
age treatment,  the  problem  is  to  so  arrange  the  conditions  as  to 
promote  the  development  of  the  proper  kinds  of  bacteria.  For 
instance,  some  bacteria  thrive  only  Avhen  deprived  of  air,  as  in 
a  closed  vault ;  these  are  called  anaerobic.  Others  develop  only 
where  they  can  have  air,  and  these  are  called  aerobic.  All  sew- 
age contains  immense  numbers  of  bacteria,  and  if  they  are 
given  proper  opportunity  to  work  they  will  reduce  the  impuri- 
ties, which  are  largely  organic,  that  is,  composc^d  of  animal  or 
vegetable  matter,  to  harmless  mineral  matter. 

The  first  action  on  the  organic  m;;tter  in  sewage  nnist  be  by 
the  aerobic  bacteria,  because  of  the  air  and  free  oxygen  dis- 
solved in  the  sewage.  By  their  action  these  bacteria  soon  use 
up  the  dissolved  oxygen  in  the  sewage  and  their  action  is  there- 
fore slight,  at  this  stage  of  the  purification,  but  is  replaced  by 
the  action  of  the  anaerobic  bacteria  for  which  the  conditions 
are  then  suitable.  The  anaerobic  l.r.cteria  have  thc^  power  of 
liquifying  the  solid  organic  matter,  just  as  a  rotten  apple  i.s 
liquified  and  runs  away,  and  hence  are  sometimes  called  liquify- 
ing bacteria.  This  action  is  vei-\'  im])ortant,  for  if  it  can  be 
made  thorough,  it  will  do  away  with  the  ])i-oblem  of  handling- 
the  solid  matter  in  the  .sewage.  !f  the  {)urification  is  to  be 
carried  farther,  the  sewage  must  lie  aerated  in  order  to  supply 
the  oxygen  required  by  the  aei-obic  bactei-ia.  wliich  will  again 
increase  in  numbers  when  tlie  conditions  ai-e  suitable  for  their 
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development.  These  bacteria  act  on  the  matters  dissolved  in  the 
water  of  th-.>  sewage,  coinbininp;  them  with  oxygen  and  produc- 
ing stable  mineral  substances. 

In  addition  to  the  bacteria,  there  is  action  by  a  class  of  sub- 
stances called  enzymes,  which,  though  not  living,  are  products 
of  animal  and  vegetable  life.  Pepsin  is  a  familiar  example  of 
an  enzyme.  Enzymes  are  formed  by  moulds,  larger  fungi,  and 
by  plants  and  animals  as  well  as  by  bacteria. 

Under  some  conditions,  these  products  of  the  bacterial  life 
promote  the  purification  of  the  sewage,  while  at  other  times  they 
hinder  it. 
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SEWAGE  PURIFICATION  SYSTEMS 

Only  the  sy stems  based  on  the  biological  method  of  treatment 
will  be  considered  here. 

In  designing  sewage  disposal  plants  based  on  this  method,  the 
aim  is  to  make  the  sewage  pass  through  various  structures  so 
arranged  as  to  afford  the  proper  conditions  for  the  growth  and 
operation  of  the  different  classes  of  bacteria  described  above, 
and  in  the  order  most  advantageous.  Naturally  in  the  develop- 
ment of  this  new  art  of  sewage  disposal,  considerable  diversity 
of  opinion  has  at  times  arisen  as  to  the  best  devices  and  arrange- 
ments to  promote  the  desired  aim,  and  we  accordingly  find 
great  variety  in  the  details  of  existing  plants,  according  as  nat- 
ural conditions,  the  character  of  the  sewage,  or  the  ideas  or 
knowledge  of  the  designer  varied.  Part  of  the  diversity  in  de- 
sign is  due  to  the  fact  that  a  large  number  of  patents  have  been 
secured  covering  apparatus  and  methods  of  disposal,  necessitat- 
ing either  the  payment  of  royalties  or  ingenuity  m  avoiding  in- 
fringement of  the  patents.  It  seems  the  latter  course  has  gen- 
erally been  preferred. 

Filtration 

Sewage  Farms.  In  some  cases  the  crude  sewage  is  applied 
to  the  surface  of  agricultural  land,  on  which  crops  are  still 
raised.  This  method  of  disposal  is  known  as  surface  irrigation. 
The  sewage  in  flowing  over  the  surface  is  acted  upon  princi- 
pally by  aerobic  bacteria  which  exist  in  large  numbers  in  the 
upper  layers  of  the  soil.  This  s.ystem  requires  very  large  areas 
of  land.  Where  the  ground  is  porous,  underdrains  may  be  laid, 
and  then  larger  quantities  of  sewaae  may  be  applied.  Under 
the  latter  conditions,  the  sewage,  instead  of  flowing  over  the 
surface,  seeps  through  from  the  surface  to  the  underdrains. 
The  sewage  should  be  a])plied  intermittently  to  allow  air  to 
enter  the  soil  between  the  doses  of  sewage.  Where  land  is  used 
in  either  of  these  ways,  it  is  known  as  a  seivage  farm.  Sewage 
farms  are  rare  in  the  United  States,  but  this  method  of  disposal 
will  doubtless  be  popular  in  the  arid  regions  of  the  west  on  ac- 
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count  of  the  value  of  the  water  in  the  sewage.  Examples  of 
sewage  farms  in  the  east  may  be  foiuid  at  Vassar  College  near 
Poughkeepsie.  N.  Y..  and  at  ^Nferiden,  Conn.  It  is  more  cus- 
tomary, in  the  United  States,  to  construct  artificial  filters,  in 
which  the  size  of  grain  and  nature  of  filtering  material  is  under 
control.  T\v'  area  of  ai'tificial  filtci  I'cquii-ed  is  usually  much 
less  than  in  the  case  of  natural  soil,  owing  to  the  more  uniforin 
grading  of  the  filtering  material  in  the  former.  An  artificial 
filter  which  treats  crude  sewage  is  in  operation  at  the  National 
Soldiers'  Home  at  ^Milwaukee. 

Artificial  filters  ditt'er  greatly  in  the  nature  and  size  of  grain 
of  the  filtering  material  of  which  they  are  composed,  and  also 
in  the  principle  according  to  which  they  are  operated.  Thus 
we  have  contact  beds  of  either  fine  or  coarse  material,  percolat- 
ing filters  and  trickling  filters. 

Contact  Beds.  The  filtering  material  of  contact  beds  is  con- 
tained in  a  water-tight  reservoir,  in  -\vhicli  the  sewage  is  retained 
for  some  hours  by  closing  the  outlet  valves.  In  this  type  of 
filter  the  solid  matter  is  not  strained  out  of  the  sewage,  for  the 
passages  between  the  grains  of  the  filter  are  usually  much  larger 
than  the  particles  of  solid  matter  in  the  sewage,  and  further- 
more the  sewage  is  often  let  into  the  contact  bed  at  the  bottom, 
sometimes  through  the  same  pipes  through  which  it  is  again 
•drained  out,  thus  precluding  any  true  straining  action.  A  large 
part  of  the  solids  of  the  sewage  are  nevertheless  filtered  out  of 
the  sewage  by  the  contact  bed.  The  action  is  brought  about  by 
the  solids  of  the  sewage  settling  onto  or  adhering  to  the  grains 
of  filtering  material  with  which  they  come  in  contact.  As  the 
reservoir  is  emptied  of  .sewage,  the  solid  matter  is  retained  in 
the  filter,  but  air  is  drawn  down  into  the  filtering  material,  by 
the  removal  of  the  liquid,  and  this  thorough  aeration  enables  the 
bacteria,  which  swarm  in  the  filter,  to  consume  a  large  part  of 
the  retained  solid  matter.  Also  when  the  next  dose  of  sewage 
comes  into  the  contact  bed,  the  bacteria  which  have  so  recently 
been  thoroughly  aerated  are  able  to  oxidize  large  amounts  of 
the  impure  matters  which  are  dissolved  in  the  sewage-. 

A  contact  bed,  as  suggested  by  John.  W.  Alvord,  resembles 
nothing  else  so  nuieh  as  a  huge  lunii'.     The  emptying  and  filling 
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of  the  liquid  in  the  contact  bed  corresponds  to  the  iiihalino-  and 
exhaling-  of  a  breath,  and  as  the  indrawn  air  in  the  liiiiii'  oxidizes 
the  iinpiiritics  of  the  blood  throimh  llic  thin  \v;ills  of  its  tissue, 
so  does  the  entrained  air  and  bacteria  in  the  contact  bed  do  its 
work  upon  the  dissolved  impurities  in  the  sewaj^e. 

PcrcolaluKj  Fillj  rs.  Prrcoiatiu;^'  iilb-rs  arc  made  of  a  fine 
grain  material,  such  a.s  sand  or  screened  cinders,  and  the  sewage 
is  applied  to  the  top.  as  in  a  sewage  farm,  and  allowed  to  seep 
through  to  the  underdrains  ])elow.  In  this  type  of  filter,  a 
straining  action  takes  place  on  account  of  Wv  small  size  of  the 
passages  between  the  grains  of  filtering  matci-ial.  and  large 
amoimts  of  solids  are  retained  on  or  ven-  m-ar  the  surface:  the 
passages  being  too  small  to  allow  the  solids  to  penetrate  far  into 
the  body  of  the  filter.  While  the  sewage  is  percolating  through, 
the  passages  in  the  filtering  material  are  entirely  filled  with 
sewage  and  the  air  is  excluded.  It  is  therefore  necessary  to 
operate  the  filters  intermittently,  as  in  the  case  of  contact  beds, 
so  as  to  give  opportunity  for  air  to  be  drawn  into  the  filter  to 
supply  the  oxygen  required  by  the  aerobic  bacteria  which  act 
on  the  dissolved  impurities  in  the  sewage  as  it  see])s  through. 

Trickling  Filters.  Trickling  filters  are  composed  of  coarse 
grain  material  and  the  sewage  is  applied  at  a  slow  rate,  usually 
by  sprinkling  it  onto  the  surface  of  the  filter,  so  that  at  no  time 
do  the  pores  of  the  filter  become  filled  with  sewage,  but  it  simply 
trickles  over  the  surface  of  the  grains  in  a.  thin  film.  Air  is  at 
all  times  drawn  into  the  filter  by  the  sewage  trickling  through 
it,  and  on  account  of  this  continuous  supply  of  oxygen  to  the 
bacteria,  the  filter  may  be  operated  continuously. 

In  all  of  the  above  classes  of  filters  and  sewage  farms,  the 
central  idea  is  to  afford  means  of  supplying  to  the  aerobic  bac- 
teria the  air  that  they  rcciuire  in  order  to  consume  or  oxidize 
the  organic  matter  in  the  sewage.  Each  type  has  its  advantages 
and  disadvantages,  some  of  whicli  will  be  mentioned  later  in 
connection  with  the  operation  of  ])lants. 

Preliminary  Treatment 

As  before  mentioned,  the  aerobic  bacteria  act  principally  upon 
organic  matters  which  are  in  solution.     Such  solid  matter  as  is 
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iu  suspnision  in  tlio  sewage  is  not  readily  a1  tacked  l)y  them, 
and  as  the  conditions  are  not  suitable  for  the  development  of 
the  iuiaerobic,  or  liquifying-,  bacteria,  the  solid  matter  which 
reaches  the  filter  is  likely  to  l)e  retained  and  aeeumidate  in  or  on 
the  filter.  It  is  true  that  there  is  usually  some  action  by  the 
anaerobic  bacteria  in  the  interior  of  masses  of  solid  matter  where 
they  are  protected  from  the  air,  but  such  action  is  not  suffi- 
ciently rapid  to  keep  pace  with  the  accumulation  of  solid  matter, 
and  hence  filters  have  a  decided  tendency  to  clog,  especially  when 
crude  sewage  is  applied  to  them.  It  is  customary,  therefore,  to 
give  the  sewage  some  preparatory  treatment  to  remove,  as  far 
as  possible,  those  matters  which  prove  detrimental  when  applied 
to  the  filters. 

Screen  Chambers.  Coarse  floating  matter  may  be  retained  by 
a  screen  chamber  such  as  the  one  shown  in  Figure  1,  which  con- 
sists of  two  channels,  either  one  or  both  of  which  may  be  used, 
the  sewage  being  diverted  from  one  to  the  other  by  means  of 
stop  planks.  In  each  channel  are  two  screens  constructed  of 
steel  bars ;  the  first  screen  has  openings  of  %-ineh  and  the  second 
openings  of  14-inch.  The  screens  are  inclined  down  stream  at 
an  angle  of  60°  with  the  horizontal.  The  screenings  are  to  be 
conveyed  in  a  wheelbarrow  to  an  area  reserved  for  their  disposal. 
Orit  CJmmbers.  Grit  and  other  heavy  suspended  matter  may 
be  caught  and  retained  in  a  grip  trap,  which  usually  consists 
simply  of  an  enlargement  in  the  cross-section  of  the  sewage  car- 
rier so  arranged  as  to  produce  a  sufficiently  slow  velocity  of 
flow  as  to  allow  the  sedimentation  of  the  grit.  A  sand  trap  ar- 
ranged to  be  built  in  the  line  of  an  open  canal  is  illustrated  in 
Figure  2.  The  flow  would  be  from  the  left,  in  the  longitudinal 
section,  to  the  right,  out  over  the  horizontal  flashboards,  which 
can  be  arranged  as  a  wier  to  measure  the  flow.  The  grit  will 
be  deposited  in  the  depression  to  the  left  of  the  flashboards, 
and  can  be  periodically  discharged  through  the  8-inch  pipe  at 
the  bottom  by  raising  the  gate. 

Sedimentaiion  Tanks.  In  a  great  many  cases  a  more  thorough 
sedimentation  of  the  grit  and  also  of  the  organic  suspended  mat- 
ter is  caused  to  take  place  by  providing  a  large  sedimentation 
chamber  or  tank.     This  class  of  tank  has  been  variously  named 
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by  different  designers  as  settling  basins  and  sedimentation  tanks, 
or  as  bacterial  tanks,  reduction  tajiks  or  septic  tanks,  etc.,  ac- 
cording- as  emphasis  is  laid  on  one  or  another  of  the  actions  that 
go  on  in  them.  If  the  accumulated  solids,  technically  known  as 
sludge,  are  removed  often,  the  tanls:  should  be  Imown  as  a  set- 
tling tank  or  sedimentation  basin. 

Septic  Tanks.  If  the  sludge  is  held  long  enough,  a  vigorous 
growth  of  bacteria  will  develop  in  the  organic  solids  present, 
and  these  bacteria  will  break  down  the  solids  into  gases  and 
matters  which  are  principally  soluble.  Such  a  reduction  of  the 
impurities  is  known  as  septic  action.  If  such  action  is  en- 
couraged to  become  prominent,  the  tank  should  be  termed  a 
septic  tank.  The  term  septic  as  applied  to  tanks  for  the  treat- 
ment of  sewage  was  originally  given  by  Donald  Cameron  to  a 
tank,  in  his  patented  process,  in  which  the  sewage  was  supposed 
to  be  subjected  to  the  action  of  anaerobic  bacteria  alone,  but  the 
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term  is  comnionly  used  now  for  tanks  in  whicli  it  is  intended 
that  septic  action  should  oecur,  ivgnrdiess  as  to  whetlier  that 
action  is  caused  by  aerobic  or  anaerobic  bacteria. 

In  hirge  purification  plants  where  surface  drainage  finds 
access  to  the  sewers,  it  is  best  to  pass  the  sewap-e  tlirous'h  a  grit 
trap  before  its  entry  \n  the  septic  tank,  but  in  small  places 
where  the  se])arate  system  of  se\vera>i('  is  used,  the  grit  trap  and 
screen  chaml)er  are  best  omitted  as  they  are  likely  to  become  ft)ul 
from  lioating  material  unless  given  considerable  attention. 

Anaerobic  Filhis.  A  modification  of  the  sei)tic  tank  is  the 
anaerobic  filter  which  is  operated  continuously  and  is  at  all 
times  full  of  sewaue.  The  air  is.  therefore,  excluded  and  ac- 
tii»n  is  caused  princiiially  by  the  anatrobic  bacteria. 

The  dosing  of  contact  and  intermittent  filter  beds  requires 
regularity,  in  order  to  provide  time  for  draining  and  aeration. 
The  emi)tying  and  filling  by  hand  operation  of  gates,  though 
successful  in  a  few  instances,  has  gc  nerally  proved  unsatisfac- 
tory, especially  in  the  smaller  plants,  on  account  of  the  close 
attention  required.  A  num])er  of  automatic  devices  have,  there- 
fore, been  devised  for  the  purpose  of  controllim:  the  discharge 
on  to  the  beds. 

Complete  Seavage  Treatment 

The  connilete  treatment  of  sewag"  would  involve  its  passage 
through,  first,  a  >:rit  traj)  and  screening  chamber:  second,  a 
septic  tank:  third,  a  coarse  filter:  i'oui'th.  a  fine  filter.  In  none 
of  the  disposal  ])laiits  hiiilt  in  Wisconsin  does  the  design  pro- 
vide for  such  a  conq)lete  treatment,  bnl  various  combinations 
of  the  devices  mentioned  have  been  used  according  to  the  re- 
((uirenients  as  to  degree  of  purificalicn  or  the  designer's  estimate 
of  the  character  of  sewage  to  be  treated  at  tlie  ditferent  locali- 
ties. 

In  many  cases,  in  addition  to  the  domestic  sewage.  trad(> 
wastes,  such  as  those  from  creamei'ies.  slaughter  houses,  brew- 
eries, dye  works,  paper  mills,  taiuieiies.  etc..  enter  the  sewers. 
The.se  wastes  are  generally  moi-e  diificult  to  treat  than  the  do- 
mestic sewage  Avhich  is  already  partially  digested  and  full  of 
bacteria  when  it  reaches  the  sewers.      Even  the  domestic  sewage 
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varies  greatly  in  strength  and  composition  in  different  communi- 
ties. The  proper  selection  of  a  method  of  treatment  and  ap- 
paratus suitable  for  any  particular  sewage  is  a  problem  requir- 
ing thorough  investigation  and  the  application  of  expert  Imowl- 
edare. 
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SEWAGE  PURIFICATION  PT.AXTS  OF  WISCONSIN 

A  number  of  modifications  in  design  are  illustrated  in  the 
Wisconsiu  plants  described  below. 

At  the  National  Soldiers'  Home,  Ivlilwaukee,  Avas  constructed 
in  1892  or  1893  a  plant  consisting  of  filter  beds  only.  These 
Tjeds  are  6  ft.  deep  and  are  composed  of  fine  filtering  material 
and  are  operated  intermittently,  the  crude  sewage  being  applied 
directly  to  the  surface  of  the  l)e<ls  without  previous  treatment, 
except  a  rough  screening. 

The  plant  at  Waukesha,  located  about  a  mile  from  the  city, 
■consists  simply  of  a  septic  tank  from  which  the  sewage  flows 
directly  into  the  head  waters  of  the  Fox  River  of  Illinois,  which 
here  is  a  very  small  stream  during  dry  seasons.  This  septic 
tank,  which  was  probably  the  first  in  the  state,. was  built  in  1901 
by  the  city  in  compliance  with  a  court  order  growing  out  of  a 
suit  brought  by  lower  riparian  owners. 

At  the  Wisconsin  State  Hospital  for  the  Insane,  at  Mendota. 
a  plant  was  built  in  1904,  consisting  of  two  septic  tanks  and 
four  filter  beds.  The  plant  was  built  in  duplicate  to  facilitate 
cleaning  and  repairing.  The  sewage  from  the  institution,  of 
about  600  persons,  passes  directly  into  the  tank,  which  is  lo- 
cated less  than  1,000  feet  from  the  main  building.  From  the 
tanks  the  sewage  flows  in  a  thin  sheet  over  the  end  wall  into  the 
dosing  chambers,  and  when  the  latter  chambers  are  full  they 
automatically  discharge,  through  siphons,  onto  the  filter  beds, 
which  are  here  composed  of  coarse  cinders.  After  passing 
through  the  filters,  the  sewage  is  collected  by  drains  in  the  bot- 
tom of  the  filters  and  is  led  to  an  outfall  which  conveys  it  to 
Lake  Mendota. 

At  Lancaster  (population  2,500),  Wauwatosa  (population 
3,000),  the  ^Milwaukee  County  Institutions  (population  2,500), 
and  some  other  places,  the  plants  are  in  general  similar  to  the 
on(^  at  Mendota  Hospital  except  in  the  particular  that  the  filter 
beds  have  their  upper  layers  composed  of  clean  sand. 

The  Lancaster  plant  is  illustrated  in  Figure  3.  The  sewage 
at  this  plant  first  passes  through  a  grit  trap  to  remove  the  sedi- 
ment  from   road   washings,   some   of   which    find    access  to  the 
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sewers.  It  then  passes  through  a  septic  tank  to  two  dosing 
chambers  from  which  it  is  discharged  onto  the  sand  filters 
through  vitrified  pipe.  The  filters  are  composed  of  21/2  feet  of 
broken  stone  covered  with  one  foot  of  sand.  Under-drains  carry 
the  purified  eff:uent  from  the  filters  to  the  creek.  A  gate  chamber 
is  provided  between  the  septic  tank  and  the  filters,  by  means  of 
which  the  tank  efHuent  may  be  diverted  to  the  creek  without 
being  filtered.  The  sludge  bed  is  conveniently  located  for  re- 
ceiving the  sludge  from  the  septic  tank  and  the  grit  chamber. 
The  septic  tank  is  shown  in  detail  in- Figure  4. 

The  plant  at  Fond  du  Lac  (population  15,000),  was  built  in 
1902,  because  of  a  nuisance  created  in  discharging  the  sewage 
into  the  sluggish  Fond  du  Lac  river,  a  tributary  of  Lake  Winne- 
bago. It  consists  of  septic  tanks  and  contact  beds.  It  was  in- 
tended that  the  effluent  from  the  tanks  should  flow  into  a  con- 
crete canal  approximately  300  feet  long  and  about  5  feet  wide. 
This  canal  was  to  serve  as  a  reservoir  and  dosing  tank  for  the 
beds  which  consist  of  a  depth  of  3i/'>  feet  of  coarse  cinders  sur- 
rounded by  earthen  embankments.  It  was  intended  that  the 
main  carrier  should  fill  to  a  definite  height  and  then,  by  open- 
ing a  sluice  valve,  allow  the  dose  to  pass  on  any  desired  bed, 
there  to  remain  in  contact  with  the  filtering  material  until  the 
underdrain  for  that  bed  is  opened.  The  presence  of  a  man  to 
operate  the  sluice  gates  is  needed  when  the  beds  are  operated 
as  planned.  The  filters  have  been  operated  only  a  few  months 
since  they  were  constructed,  on  account  of  troubles  due  prin- 
cipally to  faiUty  construction. 

The  sewage  purification  works  at  the  plant  of  the  Allis- 
Chalmers  Company,  at  Milwaukee,  consist  of  four  concrete  sep- 
tic tanks,  four  anaerobic  filters  and  trickling  filters.  Below  the 
tanks  the  sewage  is  aerated  by  fall  over  wiers  and  some  steps 
and  enters  the  anaerobic  filter  from  the  bottom.  From  here  the 
sewage  passes  to  the  siphon  chambers  which  discharge  it  onto 
the  trickling  filter  below. 

The  Madison  (population  28,000)  disposal  plant  was  built  as 
the  result  of  law  suits  growing  out  of  the  nuisances  caused  by 
discharging  the  city  sewage  into  Lake  Monona.  The  plant  as 
first  built  and  operated  in  1899  and  1900  used  the  principles 

[348] 


DAVIS    AND   DOWLKS— SEWAGE   PURIFICATION 


31 


FiGiRK  5.— Plan  ok  MrxiciPAi,  Sewage  Dtstdsai.  Plant  at  Maimson.  Wis 
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FiGUKE  7.— Section  Through  Old  Filter  Beds  at  Madison. 
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of  clu'iiiicjil  |)i-i'ci|)il;il  inn.  huj.  Iliis  iiictliotl  proving'  to  he  very 
expensive,  it  wns  dfcidcd  to  abandon  tlie  plant  and  substitute 
for  it  one  based  upon  the  biological  method  of  treatment.  The 
jiiaut  as  uow  operated  consists  of  two  septic  tanks  and  eleven 
lilti'r  beds,  anil  is  shown  in  plan  in  Fig.  5,  the  tank  being  shown 
iu  detail  in  Fig.  6.  The  Ulters  are  all  composed  of  screened 
cinders,  but  the  seven  beds  constructed  in  1901  and  1902  differ 
from  the  four  built  in  1905.  as  may  be  seen  by  referring  to 
Figures  7  and  8.  The  older  beds  consist  of  a  floor  of  one-inch 
rough  hemlock  boards,  witli  wooden  nader  drains  every  16  feet; 
a  lower  bed  of  fine  cinders  2  feet  deep ;  a  second  or  upper  floor 
of  one-inch  boards  4  inches  wide,  with  ^  inch  openings  between 
them ;  an  upper  bed  of  coarse  cinders  2  feet  deep,  and  a  distrib- 
uting system  of  3-inch  perforated  vitrified  pipe.  The  upper 
6  inches  of  the  upper  beds  and  the  entire  lower  beds  are  com- 
posed of  screened,  head-end  locomotive  cinders  which  had  passed 
through  a  i/^  inch  mesh  revolving  screen,  but  were  held  on  a  % 
inch  mesh.  The  lower  two  feet  of  the  upper  beds  were  com- 
posed of  cinders  passed  through  a  screen  with  1-inch  mesh  and 
Avere  held  on  a  i/o-inch  mesh.  To  distribute  the  sewage  on  to 
the  beds,  a  line  of  double  wyes,  decreasing  in  diameter  from  15 
inches  to  8  inches,  was  laid  down  the  middle  of  each  bed.  Three- 
inch,  perforated,  vitrified  pipe  laid  on  2-inch  planks  branch 
from  the  wyes  and  end  in  a  line  of  tees,  every  seventh  one  of 
w^hich  is  a  cross,  connected  to  a  flushing  valve.  When  a  dose 
of  septic  tank  effluent  is  discharged  on  to  a  bed  through  this 
system  of  piping,  a  fountain  of  sewage  spurts  from  each  hole  in 
all  the  3-inch  pipes.  The  distribution  of  the  sewage  over  the 
beds  is  perfect,  but  trouble  has  been  experienced  with  freezing 
of  the  3-inch  tiles,  when  the  beds  are  operated  in  winter. 

The  four  newer  beds  added  to  the  plant  in  1905  differ  in 
several  respects  from  the  older  ones.  The  new  ones  are  solid 
from  top  to  bottom  and  are  only  21/0  to  31/0  feet  deep ;  the  varia- 
tion in  depth  being  due  to  the  slope  of  the  bottom.  The  upper 
twelve  inches  are  clean,  head-end  locomotive  cinders ;  the  re- 
maining cinders  being  a  mixture  varying  from  one-half  inch 
to  one  and  one-half  inches,  free  from  dust  and  dirt.  The  main 
distributor  and  the  flushing  drains  instead  of  vitrified  pipe  are 
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made  of  2-ineh  plank.  This  has  been  found  to  be  an  improve- 
ment, there  beiui;'  h'ss  ])reakaiie  of  tih^s  at  tlie  eoiniection  with 
the  wooden  di-ains  and  (list i-it)ut(irs  llian  when  vilriticd  tilt'  was 
used. 

In  instances  where  extcnsidns  n['  the  scwci-  systems  have  been 
l)uilt  and  eonnected  with  the  i)lanr.  increasing'  the  amount  of 
sewage  it  has  to  treat,  without  eorrespondin«i'  inereases  being 
made  in  its  eapaeity.  the  elt'eetiveuess  of  the  plant  is  greatly 
diminished.  This  is  shown  in  the  case  of  the  ^Madison  plant. 
Ever  since  its  construction,  this  ])lant  has  received  unusually 
good  care  and  has  been  maintained  at  all  times  in  excellent 
condition,  but  soon  ai'tei-  its  com|)li  tion.  large  additions  were 
made  to  the  sewerage  system  of  the  city,  so  that  at  the  present 
time  three  or  four  times  as  umch  sewage  is  passing  tlirougli  the 
plant  as  it  was  originally  designed  for.  The  result  is  that,  on 
an  average,  only  about  40  per  cent,  of  the  suspeiuled  solid  mat- 
ter is  removed  in  the  sej)tic  tank,  while  in  1901  analyses  showed 
a  removal  of  about  60  ])er  cent,  of  the  solid  matter.  The  city 
has  recently  purcliased  i)i'opei'ty  niul  is  contemplating  the  con- 
struction of  a  larger  plant. 

The  majority  of  the  Wisconsin  plants  an^.  of  sutticient  size, 
but  only  a  few  of  tluMn  are  doing  satisfactory  work,  owing  pi'in- 
eipally  to  lack  of  care. 
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THE  OPERATION  OP  SEPTIC  TANKS 

It  has  been  deemed  desirable  in  most  of  the  Wisconsin  plants 
to  remove,  as  far  as  practicable,  all  the  solid  matters  in  the 
sewage  before  treating  it  by  filtration  or  by  dilution  in  natural 
water  courses.  Usually  an  attempt  has  been  made  to  effect  this 
removal  by  means  of  a  septic  tank,  so  arranged  as  to  retain  the 
floating  matter  and  to  effect  the  simple  sedimentation  of  the 
heavier  matters  to  the  bottom.  This  removal  of  the  solid  mat- 
ters from  the  sewage  is  the  principal  object  of  the  tank.  A 
secondary  object  is  to  reduce  these  solids,  just  so  far  as  possible, 
to  liquid  or  gaseous  form,  so  as  to  reduce  to  a  minimum  the  ex- 
pense of  handling  the  sludge.  There  is  usually  also  consider- 
able action  m  the  septic  tank  on  certain  of  the  impurities  of 
solution,  but  the  main  aim  should  be  to  operate  the  tank  so  as 
to  most  effectively  dispose  of  the  solids;  the  action  on  the  li- 
quids being  of  secondary  importance. 

The  problem  of  retaining  the  solid  matters  in  the  tank  is 
usually  fairly  satisfactorily  solved  by  placing  scum  boards  near 
the  outlet  end  to  retain  floating  matter,  and  proportioning  the 
tank  so  as  *^^o  give  very  gradual  and  uniform  motion  of  the  sew- 
age from  the  inlet  to  the  outlet.  Some  septic  tanks  are  not 
designed  so  as  to  fulfill  this  condition.  John  W.  Alvord  reports 
that  experiments  with  coloring  matter  showed  that  with  wide 
or  deep  tanks  the  average  velocity  was  greatly  exceeded  by  the 
velocity  through  a  certain  defined  zone  or  path. 

Attempts  have  been  made  to  produce  a  uniform  velocity 
through  the  tank  by  admitting  the  sewage  in  a  large  number 
of  small  streams  quite  evenly  distributed  over  one  side  or  end 
of  the  tank,  also  by  means  of  baffle  walls,  but  experiments  showed 
that  no  arrangement  of  baffle  boards  was  wholly  able  to  over- 
come this  difficulty.  The  best  results  were  found  to  be  obtained 
when  the  entering  flow  was  subdivided  into  several  separate 
streams  in  parallel  compartments.  A  so-called  elastic  tank  was 
therefore  designed  having  several  long  compartments  which 
could  be  operated  singly,  in  duplicate  or  in  triplicate,  or  con- 
tinuously as  one  long  tank. 

[354] 


DAVIS   AND   BOWLES— SEWAGE    PURIFICATION  37 

The  seeondary  object  of  the  septic  tank,  namely,  liquifying 
or  gasifyin^^  the  solids,  is  not  so  well  understood  nor  so  easily 
accomplished.  In  fact,  there  is  no  pr9blem  in  sewage  disposal 
more  puzzling  than  the  question  why  one  septic  tank  succeeds 
and  another  fails.  Assuming  that  the  tank  is  so  designed  as  to 
retain  the  solid  matter's,  the  answer  to  the  problem  wnll  be 
largely  found  in  deciding  the  proper  length  of  time  to  allow 
the  liquid  portion  of  the  sewage  to  remain  in  the  tank.  In  some 
cases  it  has  been  found  that  a  period  as  short  as  four  hours  gives 
the  best  results,  while  in  other  cases  over  24  hours  has  been  con- 
sidered essential.  To  determine  the  proper  period  for  any  given 
tank  requires  careful  watching  of  the  tank,  measurements  of 
the  quantity  of  flow,  temperature  ;md  strength  of  the  sewage, 
etc.,  for  a  considerable  time.  Even  after  the  tank  has  been  ad- 
justed to  give  good  results,  the  task  is  not  ended,  because  the 
temperature,  quantity  and  strength  of  the  sewage  vary,  and 
adjustment  of  the  tank  is  occasionally  needed  to  secure  the  best 
results.  Fortunately,  considerable  variation  is  allowable  in  the 
conditions  of  the  sewage,  so  that  constant  adjustment  of  the 
tank  is  not  required.  In  the  following  pages,  suggestions  are 
made  which  will  be  of  help  in  deciding  whether  the  period  of 
flow  through  the  tank  is  too  rapid  or  too  slow.  This  period, 
which  is  usually  called  the  rest  period  in  the  tank,  is  computed 
by  dividing  the  capacity  of  the  tank  by  the  average  discharge 
of  sewage  per  hour. 

When  a  new  or  cleaned  tank  is  first  put  into  operation,  tb* 
septic  action  is  very  weak.  It  must  be  remembered  that  this 
action  is  caused  primarily  by  the  anaerobic  bacteria  and  that 
they  do  not  become  active  until  most  of  the  air  or  oxygen  in  the 
fresh  sewage  has  been  used  up.  Fresh  sewage  entering  a  tank 
in  which  the  rest  period  is  only  a  few  hours  may  therefore  pass 
out  again  before  any  considerable  action  by  the  anaerobic  bac- 
teria has  taken  place.  But  the  solid  matters  retained  in  the 
tank,  either  floating  or  as  sediment,  will  serve  as  breeding 
ground  for  the  anaerobic  ])acteria,  whicli  in  course  of  time  will 
develop  in  innnense  numbers,  and  the  true  septic  action  wiD 
then  be  established.  The  time  required  for  this  to  be  accom- 
plished depends  princii)ally  ufxin   the  temperature  of  the  sew- 
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iigo,  al11iiMiL;li  llic  (•(iiii|)(>sili(in  n\'  the  scwiiu'c  is  a  factor  of  some 
iin]i(>rtaiuM'.  In  wanu  woatlun-  tiic  j^rowth  of  bacteria  is  greatly 
arc('l('rati'<l  and  their  action  hastened.  Assuming  tliat  the  first 
])n)n()uii('ed  and  (•(intiinicd  chnllition  of  gas  in  a  septic  tank  is  a 
relial)le  indication  of  the  establishment  of  septic  action,  the 
following  tabulated  statement  will  give  some  idea  of  this  ques 
tion  as  observed  during  the  tests  at  the  experimental  station  at 
Columbus.  Ohio. 

TABLE  I. 
Time  Required  for  Septic  Action  to  Become  Established. 


Tank. 

Rejrul  ar.  operation 
befran  li»04-5. 

b;r;e^a°''e^'-iTemperatureof 

lutiol  was     j  ^'^'^f^itsn^"'- 
noted.          1         iJeiioa. 

A 

September    .S 

8 

S 

11 

15 

17 

71°  Fahr 

B 

September    2.. 

-JO 

C 

I) 

February    18. 

4t)° 

E 

March  4 

49°    "    " 
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Formation  op  Scum 

The  g-as,  which  is  here  suggested  as  an  indieiition  of  septic 
aetiou,  is  lil)erated  by  the  aetiou  of  the  liaetcria  on  the  im- 
purities in  the  sewage  and  ])riji('ipally  on  the  solid  sediment  at 
the  bottom  of  the  tank.  As  the  bubbh's  of  gas  rise  to  the  sur- 
face, they  it  times  carry  masses  of  previously  deposited  sedi- 
ment, or  of  sediment  still  in  suspension,  to  the  surface  of  the 
sewage  where  the  sediment  is  hcUl  by  the  Ijuoyancy  of  the  gas 
or  hy  adhering  to  other  floating  matter  until  gradually  a  film 
or  coating  of  scum  is  formed.  These  actions  continue  until  the 
scum  attains  considci-able  lliickness.  A  sei)tic  tank  ni  good 
working  condition  usually  has  from  lonr  to  eii:lit  inches  of  thick 
scum  over  its  entire  surface. 

The  ])resenc('  of  a  scum  is  not  essential  to  the  operation  of  a 
tank,  the  character  of  ordinary  sewage  being  such  that  air  and 
light  will  not  penetrate  to  an>'  distance  beneath  its  surface. 
When  a  scum  of  moderate  depth  is  present,  the  etfectiveness  of 
the  tank  is  doubtless  increased  owing-  to  the  fact  that  undei- 
these  conditions  the  l)acterial  action  can  go  on  closer  to  the  sur- 
face. In  the  case  of  the  exjjerimental  septic  tanks  at  Columbus. 
Oliio.  a  well  defined  scum  formed  in  no  instaiu'cs  on  the  surface 
of  any  of  the  septic  tanks,  althougli  during  periods  of  unusual 
gas  el)ullition  quantities  of  sludge  would  be  brought  to  the  sur- 
face and  a  spongy  mat  sevei'al  incites  thick  thus  formed,  [n 
all  cases  this  mat  slowly  broke  up  and  again  fell  to  the  bottom 
of  the  tank  within  a  few  days  after  its  appearance. 

Whether  a  scum  will  form  on  a  septic  tank  is  somewhat  diffi- 
cult to  foretell  in  the  cas(^  of  a  ik^v  plant.  The  chief  factor  in 
determining  its  formation  is.  ])i'(ibably.  the  relative  strength  of 
the  sewage,  which  is  dependent  upon  the  ])ei'  capita  flow.  A 
highly  diluted  sewage,  especially  where  a  large  amount  of  sur- 
face water  is  included,  genei-ally  carries  suspended  matters  of 
such  a  natui-e  that  they  tend  to  foim  in  Hakes  which  subside 
rapidly  to  the  bottom.  When  such  sediment  is  carried  by  gas 
bubbles  to  tlic  surface  of  weak  sewage,  it  generally  falls  back 
again  to  the  bottom   bct'oi-c  a   i)ermanen1   scum   has  had   an   op- 
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port  unity  to  be  forinod.  Strong?  sewage,  on  the  other  hand, 
contains  a  relatively  large  proportion  of  colloidal  suspended 
matters  which  have  the  nature  of  glue  or  jelly  and  which,  there- 
fore, readily  stick  together  and  form  tenacious  films  over  the 
bubbles  of  gas,  thereby  being  kept  on  the  surface. 

Under  some  conditions,  the  scum  forms  to  an  excessive  thick- 
ness, in  some  instances  as  great  as  two  or  three  feet,  and  so 
solid  as  to  bear  the  weight  of  a  man.  Such  an  excessive  ac- 
cumulation of  scum  is  an  indication  that  the  solid  matter  is 
entering  the  tank  at  a  greater  rate  than  it  is  being  liquified  by 
the  bacteria.  This  may  be  due  to  several  causes  which  will  be 
discussed  in  connection  with  the  accumulation  of  sludge.  It  is 
believed  that  when  a  septic  tank  has  its  rest  period  properly  ad- 
justed to  the  strength,  quantity  and  temperature  of  the  sewage 
flowing  into  it.  the  scum  will  accumulate  only  very  gradually 
after  the  first  few  inches  are  formed,  and  in  some  cases  may 
remain  at  a  practically  constant  thickness. 
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Formation  op  Sludge 

The  sediment  aceiumilatcd  on  the  bottom  of  tlie  tank  is  com- 
posed of  mineral  matter,  such  as  grit  from  road  wasliings,  and 
organic  matter  sucli  as  faeces,  kitchen  wastes,  etc.     The  mineral 
matter  is  not  acted  upon  in  the  tank  to  any  ai)i)recial)le  extent, 
ajid  therefore  accunuilates  tiradiially.  the  rate  depending-  on  the 
lack  of  care  taken  to  exclude  such  matters  from  the  sewers.     Of 
the  organic  matters,  some  arc   much  more  easily  reduced  than 
others.     Thus   cellulose,   which   is  tlic   chief  constituent   of   the 
cell  walls  of  vegetable  matter  aud  is  largely  used  in  the  manu- 
facture of  paper,  is  very  hard  to  decompose.     If  a  large  amount 
of  such  matters  are  brought  into  the  tank  by  the  sewage,  they 
are  likely  to  accumulate   faster  than  the  bacteria  can   li(iuify 
them.     In  fact,  experience  has  shown  that,  in  most  septic  tanks, 
as  operated,  such  matters  do  accunudate  as  sludge  at  a  fairly 
rapid  rate,  but  the  fact  that  in  a  few  cases  the  depth  of  sludge 
has  remained  practically  constant,  at  only  a  few  inches,  leads 
to  the  conclusion  that,  in  the  case  of  a  sewage  carrying  no  sus- 
pended mineral  matter  and  only  a  small  percentage  of  resistant 
organic  matter,   sludge  will  not   increase   in   depth   if  the   rest 
period  in  the   tank  is  adjusted  to  the  strength,   ([uantity   and 
temperature   of  the   sewage,   and   furthermore   that   even  'Avhen 
mineral  and  resistant  organic  matter  are  present  in  considerable 
quantities,  the  accunndation  of  sludge  can  be  kept  at  a  minimum 
rate  by  proper  adjustment  of  the  rest  period.     It  must  be  re- 
membered,  in   computing  the  rest   period,  that  the  sludge   and 
scum  reduce  the  etfective  capacity  of  the  tank  by  the  amount  of 
their  combined  thickness,  and  that  the  rest  period  of  a  tank  in 
operation  should  be  calculated  by  dividing  the  hourly  tlow  into 
the  product  of  the  horizontal  area  of  the  tank  and  the  depth  of 
liquid,  deducting  the  thickness  of  scum  and  sludge. 

The  apparatus  used  at  Columbus,  Ohio,  for  measui-iug  the 
deposit  in  a  septic  tank,  Avhile  in  operation,  consisted  of  a  glass 
tuhe  2.5  feet  long  and  0.5  inch  in  diameter,  open  at  both  ends 
and  fastened  parallel  to  the  side  of  a  wooden  rod  12  feet  long. 
Through  the  glass  tube  a  fine  wire  was  drawn,  at  the  lower  end 
of  which  was  fastened  a  flexible  rubber  stopper,  the  smaller 
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t'lid  u|)|)('nii(is1 .  Tile  wire  cxtciidcil  up  tlinMiLih  tho  <i'lass  tube 
to  the  top  of  the  wooden  pole  hciim  'jiiidcd  horo  and  tli('i-(3  by 
screw-ey-'t^- 

lu  niakiug  a  nieasureniciit.  the  rod  was  h)wered  hito  the  li- 
(liiid  iu  the  tank,  and  slowly  inserted  into  the  deposit  on  the  bot- 
tom. After  sufficient  time  had  been  allowed  for  displacement 
in  the  tube,  the  wire  was  pulled,  drawing  the  rubber  stopper 
into  the  lower  end  of  the  glass  tube.  The  rod  was  drawn  up, 
and  the  dejith  of  the  sludge  in  the  tube  measured. 

This  iiietliod  is  stated  to  give  results  about  ten  per  cent,  less 
than  those  obtained  by  carefully  draining  otf  the  liquid  and 
measuring  the  depth  of  sludge  remaining  on  the  bottom  of  the 
tank. 

Excessive  Accumulation  of  Scum  and  Sludge 

The  excessive  accunuilatioii  of  scum  and  sludge  may  be  traced 
to  several  causes : 

First.  The  tank  may  be  overloaded,  which  means  that  or- 
ganic matter  is  being  brought  into  the  tank  faster  than  the  bac- 
teria can  act  upon  it.  and  which  corresponds  to  too  short  a  rest 
period.  In  such  a  case,  the  sediment  deposited  at  one  moment 
is  soon  covered  over  with  a  layer  of  new  sediment  and  the  bac- 
teria in  the  sewage  do  not  have  an  opportunity  to  attack  the 
lower  layers.  The  best  results  seem  to  be  obtained  when  the 
sediment  is  deposited  in  a  thin  layer  and  there  exposed  for  some 
time.  This  requires  an  extensive  surface  for  the  deposition  of 
the  sediment,  and  this  has  been  sought  to  be  obtained  in  a  pat- 
ented tank  by  having  the  sewage  tiow  over  several  shelves  in- 
stead of  over  only  one  bottom,  thus  reducing  the  size  of  tank 
for  the  same  horizontal  area  exposed. 

Second,  The  rest  period  may  be  too  long.  Reference  has 
been  made  to  the  production  of  enzjTnes  by  the  bacteria.  If 
the  bacterial  action  is  prolonged  too  far,  these  products  of  bac- 
terial life  may.  accumulate  to  such  an  extent  as  to  interfere  with 
the  bacterial  action,  .just  as  the  activity  of  a  crowd  of  persons 
would  cease  if  they  were  compelled  to  breathe,  for  any  length 
of  time,  the  same  air,  which  would  contain  the  poisonous  prod- 
ucts from  their  lungs.  In  addition  to  the  diminished  activity 
of  the  bacteria  due  to  this  cause,   some  of  these  enzymes  act 
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olu'iiiicjilly  .11'  |)liysic;ill\'  on  miiirrjil  iii;ittri-s  in  sdliitidii  in  1  ho 
seWci.ui'  causiiiu-  tlu'm  Id  pri'i-ipitiilc  tlins  t'oniiinii  ;i  new  source 
of  sludge,  known  as  s('coii(lar\  slud'^c.  just  as  in  the  oldrr  cheni- 
ica!  i)i'o('ess  of  purification,  lime  oi-  i.tlid-  chcniicals  weiv  added 
to  the  sewaue  to  purposely  eausc  a  i)r('cii)ita1  ion  of  such  mat- 
ters. With  the  septic  process,  it  is  desired  to  ko-])  such  nuitters 
in  solution   muI  tluis  simplify   tlic  ])1'o1)I('1h  of  liandlin-.^   sludge. 

Third.  There  may  be  an  undue  ainount  ot"  miiu'ral  or  re- 
sistant oi-y;niic  matter  reaching:'  the  plant,  from  I'oad  washings 
or  from  manufaetui'ing  eslahlishment  >.  sueh  as  hi-ewei-ies.  pul]) 
mills,  etc.     The  remedy  in  such  a  ease  is  obvious. 

Fourfli.  Chemicals  entering  the  sewers  fi-om  manufacturing 
establishments  may  be  of  such  a  nature  as  to  caiHc  a.  precijdta- 
tion  of  matter  that  would  otherwise  stay  in  solution,  or  they 
may  sterilize  the  sewage  so  as  to  prevent  bacterial  action.  An 
investigation  of  nuunifacluring  wastes  entering  the  sewers 
should  be  made.  Thos(^  of  an  objectionable  nature  shouhl  l)e 
prohibited  and  the  manufacturers  re([uired  to  treat  them  separ- 
ately. 

SrSPENDKI)   MAT'li:ii   IN    EFFbUEXT 

hi  addition  to  the  rapid  a.eeunudation  of  seUm  and  sludge,  an 
improi)er  working  of  tiie  tank  is  indicated  by  a  large  amount  of 
suspended  matter  in  the  effluent  of  the  tank.  Septic  tanks, 
operating  normally,  effect  a  i-emoval  of  about  oO  ])er  cent  of  the 
suspended  matter  of  the  ci-ude  sewage,  with  the  i-esulting 
liquification  of  from  2.")  to  oO  ])er  cent,  of  the  (le|)osited  sludge. 
Undue  accuuudation  of  shulge  is  undesirable  only  on  account  of 
the  expense  and  ineonveinenee  of  i-emoviii;.!  and  disposniu'  of  it 
and  because  it  reduces  the  etVeelive  ea|)aeit\-  nf  the  taid\.  The 
presence  of  excessive  amounts  of  solid  mattei'  in  the  el'lluent  is. 
however,  a  more  serious  matter,  fo;-  it  itulieales  that  the  j)i'in- 
eipal  object  of  the  septic  tank,  nanu'lx,  the  removal  of  solid  mat- 
tei's,  has  not  l)een  attained.  If  solids  ai-e  ])ermi1ted  to  leave 
the  taid\  with  the  eftluent.  they  will  elo^-  filtei's  or  discolor  water 
courses  into  which  the  el'lluent  nuiy  be  diseliar<ji'd.  The  pres- 
ence of  solids  in  the  effluent  may  be  due  I0: 

Fir.sl.  Imiu'oper  desiLin  nl'  the  M'p1i<-  tank,  en  aeeount  of 
which    the   st'wage    ma\'    inter    il    \ioli'ntl\'    causing    a    distui-bed 
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condition  of  How   lliroimli  Ihr  tank  and  prevent inu  tlie  settling 
of  the  solids  in  tlie  sewage. 

Second.  Too  short  a  rest  period,  not  allowing-  time  for  the 
finer  particles  to  settle,  or  for  bacterial  action  to  break  down  the 
solids. 

Third.  The  precipitation  of  soluble  matter  by  enzymes  or 
other  means,  as  before  explained,  from  the  clear  sewage,  on  ac- 
coimt-  of  too  long  a  stay  in  the  tank.  Such  precipitated  mat- 
ters are  usually  black  and  of  a  colloid  or  jelly-like  nature,  diffi- 
cult to  treat  in  filters  and  hence  especially  undesirable  to  have  in 
the  effluent.  They  are  iLsually  of  a  density  so  nearly  that  of 
water  that  their  sedimentation  is  slow  and  difficult  to  effect, 
so  that  large  quantities  are  carried  out  in  the  effluent. 

Fourth.  The  upheaval  of  masses  of  previously  settled  mat- 
ter, by  relatively  large  quantities  of  gas.  The  action  of  the 
bacteria  is  usually  decreased  by  the  low  temperature  of  the  sew- 
age during  the  winter,  and  during  this  season  the  sludge  is  likely 
to  accumulate  faster  than  the  average  rate.  In  the  .spring,  as 
the  temperature  rises  and  bacterial  activity  increases,  gas  is 
produced  in  the  lower  layers  of  undigested  sludge.  This  gas  Avill 
accumulate  until  its  buoyancy  is  great  enough  to  enable  it  to 
break  through  the  layers  of  sediment  above  it.  This  it  does 
suddenly,  thereby  agitating  the  sewage  in  the  tank,  preventing 
sedimentation  and  even  diffusing  large  amounts  of  previously 
deposited  sediment  through  the  sewage.  This  feature  in  the 
operation  of  septic  tanks,  which  is  so  detrimental  to  filters 
through  which  the  effluent  may  afterward  be  passed,  is  an  en- 
tirely normal  one  and  may  be  considered  inevitable  unless  some 
means  is  taken  to  coimteraet  it.  Passing  the  sewage  through 
a  second  tank,  specially  designed  to  effect  sedimentation,  in 
which  active  bacterial  action  is  prevented  by  frequent  removal 
of  sludge,  will  remove  a  large  percentage  of  the  sediment. 
Passing  the  septic  tank  effluent  through  an  anaerobic  filter 
will  also  largely  reduce  the  amount  of  suspended  solids.  This 
method  is  in  use  at  the  works  of  the  Allis-Chalmers  company  at 
Milwaukee.  There  the  anaerobic  filter  removes  about  30  per 
cent,  of  the  solids  entering  it  from  the  septic  tank,  as  shown 
by  the  average  of  the  five  analyses  given  in  Table  7,  page  86. 
It  might  be  possible  also  to  occasionally  gently  stir  the  sediment 
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and  thus  liberate  the  j^ases  in  smaller  quantities,  especially  if 
the  tanks  could  be  arranged  to  be  operated  intermittently. 

Odors  in  Septic  Tank 

Still  another  indication  of  impro])er  working  of  a  septic  tank 
is  the  presence  of  decided  or  nauseating  odors.  When  oper- 
ating properly,  the  odor  in  a  covered  tank  resembles  that  of 
freshly  turned  soil  and  is  not  disagreeable,  and  outside  the  tank 
hardly  any  odor  is  perceptible  at  all,  but  when  out  of  order, 
vile  odors  are  produced  which  are  carried  ))y  wind  to  consider- 
able distances.  Fresh  sewage  has  lu^t  a  strong  odor,  but  septic 
tank  effluent  always  has  more  or  less.  An  effluent  which  is 
producing  a  marked  odor  of  sulphuretted  hydrogen  (the  odor 
of  rotten  eggs)  has  usually  been  too  long  in  the  septic  tank,  and 
as  before  pointed  out,  such  an  effluent  is  hard  to  treat  in  filters. 
Odors  are  caused,  too,  by  the  sudden  liberation  of  gas,  men- 
tioned as  occurring  more  frequently  in  the  spring  of  the  year, 
carrj'ing  partially  decomposed  sediment  to  the  surface  and  ex- 
posing it  to  the  air.  The  gas  itself  is  not  especially  disagree- 
able. 

An  additional  test  of  the  efficiency  of  a  septic  tank  may  be 
made  by  determining  the  length  of  time  that  a  sample  of  the 
effluent  will  keep,  in  a  stoppered  bottle,  without  ])utrefying. 
This  test  is  called  the  putrescibility  test  and  the  method  of  mak- 
ing it  is  descri})ed  in  detail  on  pages  70-72.  Effluent  from  a 
properly  working  septic  tank  should  not  putrefy  in  less  than 
four  or  five  days,  on  an  average. 

Indications  of  Sr(  cessful  Opioration 

The  information  gained  from  fn([uent  <il)S('rvati()ns  of  the 
rate  of  accuuuilation  of  scum  and  sludge,  the  (juantity  and  na- 
ture of  sediment  in  the  effluent,  the  odors  about  the  tank  and 
tilt'  test  for  i)uti'cscibility  may  hv  used  as  indications  of  the  suc- 
cess of  operation  of  septic  tanks.  Cliemical  analyses  also  throw 
nnieh  light  on  the  operations  going  on  in  the  tank,  but  they  are 
ilit'tieult  an<l  slow  to  nuike  aiul  are  not  ViMjuired  for  an  intelli- 
gent ()perati(Mi  of  the  tank.  In  addition  to  tlic  above  points, 
note  should  be  made  of  the  variations  in  ([uanlity  and  tempera- 
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ture  and,  so  far  as  possible,  of  the  strength  of  the  sewage.  Other 
tilings  being-  ecinal.  a  warm  sewage  will  require  a  shorter  stay 
in  the  tank  than  a  rohl  sewage,  and  assuming  the  temperature 
to  be  the  same,  a  weak  sewage  requires  shorter  treatment  than 
a  strong  sewage.  Fortunately,  these  matters  frequentl}^  adjust 
themselves  fairly  well,  so  ['nv  as  seasonal  variations  are  con- 
cerned; as  the  quantity  of  sewage  increases  in  the  summer,  due 
to  larger  domestic  use  of  water  and  leakage  into  the  sewers 
owing  to  high  level  of  the  ground  water,  thus  reducing  the 
pcM'iod  of  stay  in  the  tank,  the  necessity  for  a  longer  stay  is 
reduced  by  a  lessening  in  the  strength  and  an  increase  in  the 
tem])erature  of  the  sewage.  Conditions  are  not  always  so  favor- 
able however.  At  some  places  the  strongest  sewage  occurs  at 
the  time  of  maximum  How.  Yearly  the  amount  and  strength 
of  the  sewage  will  increase  due  to  extensions  of  the  sewer  sys- 
tem and  new  connections  to  the  sewers  being  made. 

Removal  of  Sludge 

The  removal  of  the  aeeunuilated  sludge  from  septic  tanks 
is  a  task  the  difficulty  of  which  depends  on  how  the  tank  has 
been  operated.  In  some  instances,  the  sludge  has  been  very 
foul  and  disagreeable  to  handle,  but  experience  in  many  places 
proves  that  the  removal  of  sludge  from  tanks  is  not  generally 
attended  with  the  production  of  a  nuisance.  In  fact,  the  ab- 
sence of  odor  in  well-matured  septic  sludge  is  such  as  to  cause 
comment.  If.  from  any  of  the  causes  previously  discussed, 
sediment  is  collecting  faster  than  it  is  being  reduced,  the  sludge 
will  contain  a  large  proportion  of  partially  digested  organic 
matter  which  will  be  verv  foul,  but  if  the  sludge  is  retained 
until  it  has  passed  through  the  putrefying  stage  and  has  actu- 
ally become  inert  humus  matter  no  nuisance  will  be  created  in 
its  removal.  This  state  is  most  likely  to  be  arrived  at  near  the 
close  of  the  warm  season  during  which  bacterial  action  ha.s  been 
most  active,  and  the  fall  of  the  year  is  hence  the  most  advan- 
tageous time  for  cleaning  the  tanks.  Some  tanks,  however, 
will  require  cleaning  ijiuch  oftener  than  once  a  year;  some  as 
often   as  once  in  six  weeks. 
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THE  OPKHATIOX  OF  (iHTT  CHAMBERS 

Grit  cliaiiihcis  should  !)••  (Ir.-iiiicd  and  tlie  shid«"e  removed 
wlienevcr  the  cxolnt inn  of  uas  thci-cin  l)rcoiiirs  ))i-oininent,  the 
reason  for  lliis  hciip^-  that  soon  al'tti  tlie  evolution  of  gas  be- 
. gins  actively  a  vioh'iit  upheaval  of  the  sludge  deposit  is  likely 
to  be  caused  by  large  (juaidities  of  the  gas  suddeidy  lireaking 
through  its  uppiM-  layers.  Such  an  occurrence  would  cause 
considerable  (luaiitilies  of  sediment  to  he  carried  out  in  the 
effluent.  It  was  found  in  the  exi)erinients  at  Columbus,  Ohio, 
that  it  was  necessary  to  clean  the  Lii'it  ehamber  about  every 
eight  or  ten  days.  In  cold  weather  a  somewhat  longer  period 
between  cleanings  was  ;illo\\al»le  on  account  of  less  active  fer- 
mentation  durini;-  seasons  of  low  temperature'. 
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THE  OPERATION  OF  SETTLING  BASINS 

Settling  basins,  like  grit  chambers,  should  be  drained  and 
cleaned  at  the  first  marked  sign  of  gas  evolution,  otherwise  sep- 
tic action  will  become  prominent  and  will  interfere  to  some  ex- 
tent with  the  process  of  sedimentation,  the  tank  being  converted 
by  this  method  of  operation  into  a  septic  tank.  At  Columbus 
the  periods  between  obligator>^  cleanings  varied  in  a  general 
way  with  the  temperature  of  the  air  and  of  the  sewage.  The 
shortest  periods  were  noted  in  June,  1905,  being  of  about  seven 
days'  duration.  The  longest  period  was  noted  in  December- Jan- 
uaiy.  and  was  of  37.71  days'  duration.  The  average  period  be- 
tween obligatoiy  cleanings  of  Plain  Settling  Tank  A,  from  Au- 
gust 16,  1904,  to  Jime  30,  1905,  was  19.13  days.  In  the  case  of 
Plain  Settling  Tank  B,  ^\'llich  was  operated  from  November  24, 
1904,  to  April  18,  1905,  the  average  period  between  obligatory 
cleanings  amounted  to  20.46  days.  The  period  of  flow  in  tank  A 
was  eight  hours  and  in  tank  B  six  hours. 

From  the  studies  on  these  tanks  the  conclusion  was  reached 
that  in  practice  the  period  of  subsidence  required  for  the  re- 
moval of  the  maximum  economical  percentage  of  the  suspended 
matter  is  longest  when  the  strong  sewage'  is  under  treatment. 
It  seems  to  be  suflSciently  clear  that  during  storm  flows,  the 
proportion  of  mineral  to  volatile  suspended  matter  w411  be  much 
higher  than  normally,  and  due  to  this  fact  the  rate  of  subsidence 
of  the  particles  of  suspended  matter  will  probably  be  greater, 
owing  to  their  higher  specific  gravity.  During  the  night  period, 
say  4  P.  M.  to  12  P.  M.,  the  suspended  matter  contained  in  the 
crude  sewage  is  only  about  one-half  that  of  the  day  flow,  8  A.  M. 
to  4  P.  M.  The  rate  at  which  the  suspended  matter  in  the  weaker 
sewage  subsides  is  much  lower  than  that  in  the  case  of  the  strong 
day  sewage,  and  after  subsidence  for  a  period  of  time  sufficient 
for  the  removal  of  the  economical  percentage  of  the  suspended 
matter  in  the  day  sewage,  the  residual  amount  of  suspended 
matter  in  the  weak  sewage  is  less  than  that  in  the  strong  sewage, 
although  the  removal  is  much  less. 
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THE   OPERATION   OP^   CONTACT   FILTERS 

Contact  filter  beds  require  coustant  and  expert  attention  to 
secure  successful  operation.  It  is  Ihouulit  liy  some  tluit  the 
care  required  is  ^ureater  than  in  the  case  of  sand  filters. 

In  some  plants  the  dosing  of  the  contact  beds  is  controlled 
by  hand  operation  of  gates.  In  sueh  a  plant  the  manager  is 
able  to  change  the  lengths  of  time  of  resting  full  and  empty 
in  accordance  with  the  conditions  oi'  the  sewage  and  bed  and 
the  temperature  of  the  air,  but  such  a  plant  requires  the  con- 
stant attention  of  the  o[)erator.  To  avoid  the  expense  of  such 
continuous  service  the  majority  of  the  plants  have  been  sup- 
plied with  automatic  dosing  devices  of  various  types.  The  ef- 
fect has  been  that  such  plants  have  received  hardly  any  atten- 
tion at  all.  Although  these  devices  will  reduce  very  largely 
the  labor  of  operating  a  plant,  they  are  not  exi)ected  to  do  awpy 
with  intelligent  supervision.  Almost  every  automatic  device 
now  available  fixes  the  time  of  contact  by  tlie  ([uantity  of  inflow, 
regardless  of  course,  of  the  strength  and  temperature  of  sewage 
or  condition  of  bed.  They  should  be  occasionally  adjusted  by 
the  manager  to  suit  changed  conditions,  and  their  operation 
should  be  frequently  inspected.  A  slight  leakage  of  the  valves 
or  siphons  may  altogether  defeat  the  operation  of  the  beds. 

As  generally  operated,  the  bed  is  filled  with  sewage  nearly 
to  the  surface  of  the  filtering  material,  the  operation  usually 
consuming  about  half  an  liour.  afte'.-  which  th(>  bed  is  left  rest- 
ing full  for  two  hours.  The  emptying  requires  about  half  an 
hour  after  which  the  bed  is  left  resting  empty  for  aeration  for 
three  hours.  The  whoh^  operation  ot"  filling,  rt'sting  full.  eiii|)ty- 
ing  and  resting  empty,  therefore,  requires  about  six  hours,  al- 
lowing four  fillings  per  day.  In  some  cases  the  time  has  been 
cut  down  to  shorter  periods,  but  in  other  cases,  as  for  strong 
sewage,  the  time  is  lengthened  out  to  eight  hours,  allowing  only 
three  fillings  per  day.  The  length  of  time  which  is  proper  to 
leave  the  sewage  in  contact  with  the  filtering  material  depends 
on  a  number  of  conditions  such  as  the  character  of  the  sewage 
to  be  treated,  the  amoimt  and  fineness  of  the  solid  matter  in  sus- 
pension in  the  sewage,  the  temperature  of  the  air  and  sewage, 
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and  tlio  fin(>n(>ss  of  \ho  oriiin  of  th':'  filter;  and  these  conditions 
also  al't't'iM  llic  Icimlli  of  time  necessary  for  proper  aeration 
of  the  lil !('!•.  When  tlie  air  is  cold,  the  bed  and  its  bacterial 
content  become  chilled  while  restinfj  empty  and  the  activity  of 
the  bacteria  is  thereby  <ireatly  reduced,  so  that  under  these 
conditions  a  longer  time  would  1k'  i-eciuired  for  their  complete 
action  when  the  bed  is  filled  than  if  a  higher  temperature  ex- 
isted. The  same  effect  would  be  caused  by  a  lowering  of  the 
temperature  of  the  sewage,  such  as  normally  occurs  every  win- 
ter. 

Winter  Operation 

The  operation  of  contact  filters  in  high  latitudes  may  give 
trouble  during  severe  winter  weather  by  the  freezing  of  the  sur- 
face layers,  thereby  preventing  perfect  aeration,  but  there  is 
very  little  information  available  on  this  point  at  the  present 
time.  During  the  tests  of  contact  filters  at  Columbus,  Ohio, 
there  was  no  apparent  effect  on  their  efficiency  due  to  the  cold 
weather  of  1904—05  when  ice  formed  on  the  surface  of  the  fil- 
ters and  remained  there  practically  all  wdnter.  In  no  case, 
however,  were  the  surfaces  of  the  filters  completely  covered 
with  ice,  nor  were  the  surface  layers  of  the  filtering  material 
ever  completely  frozen.  The  minimum  temperature  recorded 
during  the  test  was  7  degrees  below  zero  Fahr.  AVhere  lower 
temperatures  occur  and  danger  of  the  complete  sealing  of  the 
surface  by  ice  is  feared,  some  of  the  methods  to  be  described 
mider  the  heading  of  "operation  of  percolating  filters"  may 
be  adopted. 

Clogging  of  Contact  Beds 

Under  some  conditions  the  sewage  bacteria  develop  in  such 
large  numbers  as  to  cause  a  considerable  clogging  of  the  pores 
of  the  filter,  and  other  growths  of  vegetable  matter  may  have 
the  same  effect.  The  solid  matters  in  the  sewage  also  gradually 
clog  the  bed  by  being  retained  in  it.  As  the  clogging,  due  to 
either  or  all  of  these  causes,  progresses  the  difficulty  of  securing 
satisfactory  aeration  increases,  because  of  the  imperfect  circu- 
lation of  air  in  the  clogged  passages  and  the  fact  that  the  oxy- 
gen is  quickly  consumed  from  the  jiir  by  the  impurities  in  the 
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filter.  When  such  couditious  obtain,  a  longer  period  of  resting 
empty  is  required. 

When  the  pores  of  the  bed  are  clogged  to  a  large  extent  and 
the  period  of  aeration  is  too  short,  the  action  that  goes  on  in 
the  contact  bed  is  more  nearly  like  that  occurring  in  an  anaer- 
obic filter.  That  is.  the  conditions  are  suitable  for  the  develop- 
ment and  action  of  the  anaerobic  bacteria,  so  that  there  may  be 
a  reduction,  by  liquefaction,  of  the  amount  of  solid  impurities 
stored  in  the  filter,  but  there  will  be  little  effect  upon  the  matter 
in  solution.  Inasmuch  as  the  beds  are  designed,  primarily, 
for  the  oxidation  of  the  impurities  in  solution,  it  is  generally 
considered  best  to  use  some  preliminary  treatment  to  postpone 
as  long  as  possible  the  time  when  the  beds  will  become  clogged. 
Such  a  condition  is  more  likely  to  occur  where  crude  sewage 
is  applied  to  the  l)cds  than  where  some  preliminary  treatment 
is  used  to  reduce  the  amount  of  solid  matter  which  the  beds  have 
to  dispose  of,  but  when  the  preliminary  treatment  consists  of 
passage  through  a  septic  t;nik.  the  operation  of  the  latter  must 
be  carefully  watched  in  order  to  })revent  the  discharge  into  the 
beds  of  large  amounts  of  finely  divided  suspended  matter,  such 
as  occurs  during  periods  of  violent  el)ulIition  of  gas  in  the  t;i!ik. 

Another  disadvantage  of  the  clogging  of  contact  beds  lies  in 
the  reduced  capacity  of  the  beds.  Naturally,  as  the  pores  of 
the  filter  become  filled  with  solid  matter,  the  amount  of  sewage 
that  can  be  fiowed  in  is  correspondingly  reduced,  and,  there- 
fore, for  a  given  flow  of  sewage  a  larger  number  of  contact  beds 
will  be  required  or  a  shorter  period  of  storage,  which  would  re- 
sult in  poorer  purification.  The  clogging  of  contact  beds  is  the 
principal  cause  of  expense  in  operation,  for  when  the  clogging 
becomes  serious  the  material  of  thi^  filter  must  be  cleaned  or 
washed,  and  perhaps  rehandled.  In  rehandling  the  material, 
there  is  always  considerable  loss  due  to  ci-umbling  of  the  par- 
ticles, and  this  loss  must  be  replaced  by  fresh  material.  The 
cost  of  treating  sewage  at  ^Manchester,  England,  by  contact 
beds,  increased  from  about  12  cents  to  aliout  28  cents  per  capita 
during  the  five  years  beginning  wit!i  l!)i):l 04.  and  this  increase 
is  stated  to  be  largely  due  to  renewals  of  contact  bed  material 
during  the  last  two  or  three  years.  The  material  used  there 
was  soft  furnace  clinkers.     It  is  not  definitely  settled,  as  yet, 
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whether  clogging'  will  occur  in  all  coulact  beds;  there  may  be 
locations  where  the  conditions  are  such  as  to  maintain  a  balance 
between  the  amount  of  solids  entering  the  bed  and  the  amount 
liquified  or  carried  out,  but  in  the  great  majority  of  cases  a 
gradual  clogging  does  occur. 

Effioiency  of  Contact  Beds 

The  degree  of  purification  ett'ected  by  contact  beds  is  not  so 
high  as  in  the  case  of  sand  filters.  When  the  beds  are  filled  as 
well  as  emptied  through  drains  laid  in  the  bottom,  it  is  clear 
that  the  sewage  entering  last  does  not  receive  as  thorough  treat- 
ment as  that  first  entering,  for  two  reasons.  First,  it  remains 
in  the  bed  a  shorter  time,  by  about  one  hour,  being  the  first  out 
as  well  as  last  in.  Second,  the  sewage  first  in  in  rising  through 
the  filter  robs  it  of  its  air  supply  and  receives  the  most  vigorous 
action  of  the  bacteria,  the  later  sewage  coming  in  contact  only 
with  bacteria  which  have  already  spent  their  energy  on  the 
sewage  first  in.  To  improve  the  purification  of  the  sewage 
where  contact  beds  are  used,  a  large  number  of  plants  are  so 
arranged  that  the  sewage  can  be  passed  successively  through 
two  or  three  beds,  the  last  usually  being  of  finer  grain  than 
the  first.  The  sewage  last  in  and  first  out  of  the  first  bed 
"would  then  be  the  first  in  and  last  out  of  the  second  bed,  thus 
averaging  up  the  treatment  and  giving  all  a  more  thorough 
contact.  It  has  been  found  in  some  cases  that  there  is  more  eco- 
nomy of  filter  area  in  passing  the  sewage  successively  through 
two  beds  than  in  obtaining  the  same  degree  of  purification  by 
long  storage  in  a  single  bed. 

To  gain  an  accurate  idea  of  the  effectiveness  of  the  beds,  sam- 
ples of  the  sewage  first  leaving  and  last  leaving  the  bed  should 
be  collected  occasionally  and  tested  for  putrescibility  as  de- 
scribed on  a  later  page. 
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THE  OPERATION  OF   PERCOLATING  FILTERS 
Normal  Operation 

Percolating'  filters,  like  contact  filters,  are  operated  inter- 
mittently so  as  to  afford  opj)ortunity  for  aeration.  During 
the  aerating  period,  the  sewage  is  retained  in  the  dosing  cham- 
bers until  a  sufficient  quantity  has  accumulated  to  fiood  the  bed 
to  the  required  depth,  when  it  is  discharged  onto  the  bed  by 
automatic  devices,  or  by  hand-opcralcd  gates.  Dosing  tanks 
generally  have  a  capacity  such  that  when  discharged  the  dose 
of  sewage  will  cover  the  filter  to  a  depth  of  three  to  four  inches. 
When  sand  filters  are  properly  cared  for,  a  dose  of  this  size 
disappears  into  the  sand  in  from  one-half  to  two  hours,  the  rate 
depending  principally  on  the  fineness  of  the  sand.  Pnder 
some  conditions  much  larger  doses  may  be  applied,  as  will  be 
pointed  out  later.  In  the  Columbus  experiments  with  percolat- 
ing filters  the  sew^age  was  applied  in  one  dose  per  day.  in  all 
cases  where  the  filters  were  operated  at  a  rate  of  less  than  about 
500,000  gallons  per  acre  in  2-1  hours.  The  hour  of  application 
was  kept  about  the  same  for  a  period  of  14  consecutive  days. 
The  hour  of  dosing  was  then  moved  ahead  four  hours,  with  the  , 
view  to  making  each  filter  in  the  long  run  receive  sewage  cor- 
responding to  the  average  composition  for  the  24  hours  of  the 
day,  and  thus  preventing  some  beds  from  always  receiving 
strong  day  sewage  and  others  the  weak  night  sewage.  The 
doses  of  sewage  were  flowed  onto  the  surface  through  troughs, 
or  pipes,  so  arranged  as  to  distribute  the  sewage  evenly  and 
quickly,  but  without  disturl)ing  the  surface  of  the  filtering 
material. 

During  ordinaiy  conditions  of  operation,  the  surface  of  the 
filter  should  be  smooth  and  level  as  shown  in  the  view  of  the 
Wauwatosa  filtei-s  in  Fig.  !». 

The  efficiency  of  filters  may  be  increased  sonn'what  by  aerat- 
int:  the  influent  sewage,  especially  that  whicii  lias  passed  tliroutrh 
a  preparatory  treatment,  sucli  as  the  septic  tank,  where  if  has 
been  deprived  of  practically  all  dissolved  oxygen.  At  Saratoga, 
N.  T.,  Barbour  made  tests  which  shov.-ed  that  the  sewace  leavin<r 

[371] 


54  Hi'i.i.iyi'iN  OF   Tin;  UNivKusirv  hf  wisioxsin 


Figure  9. — Percolatim.  I'iltki;;-  at  Wai  watusa,  W'i.'^. 

the  septic  tank  contained  practically  no  oxygen,  but  after  pass- 
ing the  aerating  device  forming  part  of  the  purification  plant, 
it  contained  over. 70  per  cent,  of  the  total  amount  possible  for  it 
to  absorb.  If  the  sewage  had  been  t'.pplied  directly  to  the  filters 
from  the  tank,  it  is  reasonable  to  believe  that  as  thorough  oxida- 
tion would  not  have  been  secured  as  with  the  additional  supply 
of  oxygen  supplied  by  aeration. 


Clogging  of  Surface 

As  previoush'  mentioned,  considerable  straining  action  goes 
on  at  the  surface  of  filters  of  this  t.N'pe.  the  solid  matters  being 
retained  there  owing  to  their  inability  to  pass  through  the  small 
pores  of  the  filter,  which  is  usually  composed  of  sand,  and  also 
to  the  fact  that  they  adhere  to  the  particles  of  filter  material 
and  their  coats  of  bacterial  growth.  The  retention  of  these  solids 
results  in  the  gradual  clogging  of  the  surface  so  that  an  in- 
creased time  is  required  to  pass  the  dose  through.  The  nature 
of  the  material  collected  at  the  surface  of  the  filter  varies  with 
the  nature  of  the  sewage  applied,  in  some  cases  the  larger  por- 
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tioii  being'  gritty  or  of  a  silt-like  nature,  while  in  other  eases  it 
contains  more  colloid  or  jelly  like  n\aterial.  while  in  still  other 
eases  eonsideral)lo  fibrous  material  is  present. 

Formation  oi"  Mat 

Under  some  conditions,  as  -when  the  sewage  contains  consider- 
able amounts  of  sulphuretted  hj-drogen.  a  thick  blanket-like 
gro\rtli  may  form  on  the  surface  of  the  filter.  Where  there  is 
much  colloid  or  fibrous  matei-ial  deposited,  it  forms  a  sort  of 
woven  mat  or  crust  on  the  surface  of  the  filler.  After  the  dose 
of  sewage  has  pa.ssed  through  the  filter  and  while  it  is  aerating, 
the  crust  tends  to  dry,  weather  conditiDiis  i)ermitting,  and  if 
it  has  attained  a  sufficient  thiekuesK  it  will  shi'ink  and  ci'aek 
and  usually  curl  or  lift  from  the  filter  surface.  The  suspended 
matter  of  subsequent  doses  undoubtedly  reaches  the  filter  sur- 
face through  the  cracks  in  the  mat.  to  a  considerable  extent,  but 
in  the  main  the  mat  forms  a  very  eumplete  covering  inter-cept- 
ing  most  of  the  suspended  matter. 

Care  of  Surface  of  Filters.  When  a  mat  of  this  sort  has  be- 
come so  dense  as  to  retard  the  filtration  greatly,  it  is  necessary 
to  remove  it.  It  may  often  be  i)eeled  off*  without  the  removal 
of  a  very  material  auKnint  of  sand  if  it  is  fairly  di-y.  A  mat  of 
this  sort  is  shown  in  Fig.  10.  If  the  mat  is  not  tough  enough  to 
be  removed  in  this  way,  it  may  be  raked  into  piles  and  after  the 
piles  have  grown  by  successive  rakings  to  a  considerable  size 
they  shoult  be  removed  from  the  bed.  Great  care  should  be  taken 
to  prevent  the  mixing  of  any  of  this  nuiterial  with  the  sand. 

A  tough  mat  of  this  sort  rarely  foi-nis  when  the  sewage  which 
is  applied  1o  the  filters  has  been  thoroughly  settled,  either  in 
a  sedimentation  basin  or  septic  tank,  owing  to  the  small 
amount  of  fibrous  matter  carried  by  the  sewage  that  reaches  the 
filter.  The  fine  sediment  in  suspension  is.  therefore,  able  to 
penetrate  into  the  upper  layei's  of  the  filter  instead  of  being  held 
on  the  surface  by  a  mat.  When  the  filter  becomes  clogged  by 
material  of  this  sort,  it  should  be  removed  by  scraping  off  the 
thin  layer  of  silt.  AVhen  in  this  condition,  the  surface  of  the 
filter  does  not  dry  out  readily,  so  that  it  is  generally  removed 
in  a  damp  coiulition   and   usually  a  larger  jii'opoilion  of  sand 
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Figure  10. — Skwagp:  Mat  Fokmed  on  Percolating   Filters  at   Wor- 
cester, Mass. 


is  present  in  the  removed  material  than  when  a  mat  is  re- 
moved. 

In  some  instances  instead  of  removing  the  material  causing 
the  clogging,  the  managers  of  the  works  have  simply  raked  or 
harrowed  the  surface  of  the  filter.  This  breaks  up  any  mat  that 
may  have  formed  and  loosens  the  upper  clogged  layers  of  the 
filter  material  allowing  the  sewage  to  pass  through'  the  filter 
at  a  high  rate,  but  the  relief  is  only  temporary  and  gradually 
the  upper  part  of  the  filter  becomes  so  filled  with  fine  silt 
that  the  capacity  of  the  filter  cannot  be  maintained  normal  even 
by  very  frequent  raking  or  harrowing,  and  it  is  necessary  to 
remove  a  considerable  depth  of  filter,  taking  a  large  amount  of 
the  filter  material  along  with  the  accumulated  silt  and  organic 
matter.  Where  suitable  filter  material  is  not  readily  obtainable, 
the  expense  of  replacing  that  lost  in  this  way  will  more  than  off- 
set any  temporary  saving  effected  by  harrowing. 

For  breaking  up  the  surface  crust  and  gathering  into  piles 
for  removal  a  hand  rake  is  generally  used.     The  rake  may  also 
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bo  used  for  loosening'  the  clean  sand  for  a  depth  of  one  to  two 
iuehes.  A  wire-tooth  horse  weeder  is  preferable  for  this  pur- 
pose, however. 

After  removing'  the  crust  and  upper  layer  of  dirty  filter  ma- 
terial, it  is  usually  (lcsiral)lc  to  loosen  tlic  upper  part  of  the 
remaining'  clean  inaterial  by  bai-rowiinj;  it,  on  account  of  the  re- 
duced capacity  caused  by  settlement  and  comijacting  of  the  sand 
by  the  action  of  the  sewage  i)assing  thi-ough  and  hy  walking  on 
the  surface  of  the  bed. 

Better  results  are  obtained  by  reiiular  and  fi'e([uent  scraping 
and  loosening  of  the  malerial  than  by  waiting  until  the  opera- 
tion of  the  filter  is  so  interfered  with  as  to  compel  cleaning. . 

When  new  nuiterial  is  added  to  bring  the  filter  to  its  normal 
depth,  after  removal  of  dirty  matei-ial.  the  new  material  should 
be  plowed  into  the  old  and  thoroughly  mixed  with  it;  otherwise 
clogging  is  likely  to  occur  at  the  plane  of  separation  between 
the  old  compacted  material  and  the  new  loose  material. 

When  beds  have  become  clogged  to  a  considerable  depth  by 
the  storing  of  organic  matter,  such  as  may  occur  by  operation 
at  too  high  a  rate,  a  very  considerable  rediiclion  of  sucli  stored 
matter  may  be  effected  by  resting  the  Ix'ds;  that  is.  by  not  ap- 
plying any  sewage  for  a  limited  period.  In  order  to  prevent 
the  drying  out  of  the  filter,  with  the  consequent  destruction  of 
the  aerobic  bacteria  in  it.  a  bed  resting  or  out  of  commission 
should  have  a  small  (piantity  of  sewage  ai)plied  to  it  at  lea.st 
twice   a   week. 

The  use  of  filter  elUuent  for  mixing  with  the  sewage  applied 
to  filters  has  been  suggested  as  having  some  advantages.  Such 
efHuent  contains  a  considerable  cpmntity  of  oxygen,  in  the  form 
of  nitrates,  which  is  i-eadily  used  by  the  aerobic  bacteria  in 
oxidizing  the  impurities  in  the  sewage.  The  use  of  filter  efilu- 
ent  in  this  way  would  generally  require  pumping  and  might 
not  be  economical,  but  its  occasioiuil  use  in  the  case  of  a  bed 
clogged  with  organic  matter  is  worthy  of  consideration. 

Worms  and  burrowing  animals  occasionally  give  trouble  by 
opening  passages  in  the  sand  by  which  un])urified  sewage 
reaches  the  drains.  Folwell  states  that  these  have  been  driven 
out  by  flooding  once  or  twice  with  strong  or  septic  sewage. 
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Cost  of  Cleaning  Sand  FilUrs.  Tlie  period  between  clean- 
ings which  will  be  most  economical  at  any  plant  must  be  found 
by  experiment.  It  will  depend  upon  the  nature  of  the  sewage, 
the  fineness  of  the  filter  material  the  cost  of  labor,  methods 
and  apparatus  used,  and  other  factors.  If  imsettled,  crude 
sewage  is  applied,  it  will  be  necessary  to  clean  the  beds  more 
frequently  than  in  the  case  of  settled  sewage. 

At  Worcester,  Mass.,  it  was  found  necessary  to  rake  over  por- 
tions of  the  beds  treating  unsettled  sewage  as  often  as  once  in 
two  weeks,  and  the  quantity  of  refuse  removed  amounted  to 
about  14  cubic  yards  per  million  gallons  of  sewage  treated,  the 
expense  of  removal  amounting  to  $13  per  million  gallons.  The 
AVorcester  sewage  contains  considerable  manufacturing  wastes 
and  the  expense  of  treating  it  is,  on  that  account,  probably 
higher  than  the  average.  Venable  states  that  the  cost  of  raking 
and  removing,  from  sand  filters,  sludge  deposited  by  crude 
sewage  in  various  towns  in  Massachusetts  ranges  irom  $3  to 
$11  per  million  gallons  of  sewage,  or  from  12  cents  to  30  cents 
per  capita  per  annum. 

At  the  Lake  Forest,  111.,  plant  it  was  at  first  necessary  to  rake 
over  the  entire  filter  area  twice  a  week,  the  beds  receiving  two 
doses  per  day,  but  after  the  better  regulation  of  the  septic  tanks, 
resulting  in  less  suspended  matter  reaching  the  beds,  a  great 
improvement  was  seen  in  the  amount  of  care  which  the  beds  had 
to  receive.  These  beds  consist  of  a  fine  sand  and  normally  re- 
quire about  ten  to  twelve  hours  of  labor  per  week  to  keep  them 
in  good  condition.  Where  coarser  sand  is  used  in  the  beds,  less 
labor  is  required  to  maintain  an  efficient  rate  of  filtration. 

Winter  Operation  of  Percolating  Filters 

The  operation  of  percolating  filters  during  the  winter  months 
is  likely  to  give  some  difficulty  in  liigh  latitudes  on  account  of 
the  accumulation  of  ice  and  snow^  but  such  operation  is  per- 
fectly feasible,  although  more  care  and  greater  judgment  are 
required  than  for  operation  at  warm  temperature.  An  instance 
is  recorded  where  sand  filters  were  successfully  operated  during 
a  winter  when  the  average  minimum  daily  temperature  of  the 
air  at  the  plant  during  the  months  of  December,  January  and 
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February  was  9.8  degrees  alxive  /i-ro:  in  February  alone  it  was 
only  4.8  degrees  above,  and  during  the  winter  there  were  28 
days  of  zero  weather,  with  a  niiniiiinni  temperature  of  ;}2  de- 
grees below  zero. 

The  sewage  reaehing  the  woi-ks  usually  has  a  tcinpcratui-e  eon- 
siderably  higher  than  the  freezing  point  of  water.  At  Colum- 
bus, Ohio,  the  miuimum  average  temperature  of  the  sewage 
during  1904^05  was  39°  Fahr..  while  the  minimuni  air  tempera- 
ture was  minus  7°.  At  Broekton.  Mass..  a  temperature  of  44° 
was  recorded  in  the  sewage.  At  J:?oston,  ]\lass..  the  average 
temperature  of  the  crude  sewage  during-  the  winter  quarter 
of  1906  was  43°  and  of  1907  42°  Fahr. 

The  time  required  for  filtm'ing  the  sewage  is  usually  not  so 
great  as  to  give  opportunity  to  eool  it  if  some  simph'  jjrecau- 
tions  are  taken  to  prevent  its  unnecessary  chilling.  Further- 
more, the  process  of  oxidation  eff<^('ted  by  the  anaerobic  bacteria 
in  the  filters  gives  rise  to  heat  whicli  tends  to  counteract  the 
cooling  effect  of  the  air.  In  tlootling  l)eds  in  winter,  one  of  the 
vital  points  is  to  cover  them  (piiekly  and  to  a  greater  depth 
than  in  summer. 

At  Clinton.  ]Mass..  experience  shows,  as  reported  by  AUardice, 
that  when  the  air  temperature  is  higher  than  ]o°  Fahr.,  the 
beds  can  be  satisfactorily  operated  in  their  normal,  flat  condi- 
tion by  ap])lying  tlie  sewage  in  lanzv  doses  of  250. 000  gallons 
per  acre,  sufhcient  to  cover  it  about  nine  inches  deep.  When 
there  is  deep  snow  on  the  bed  this  method  is  not  satisfactory 
as  the  snow  chills  the  sewage  too  ra])idly  and  ice  forms  on  tlie 
beds  even  when  furrows  are  plowed  in  the  snow  so  as  to  allow 
the  sewage  to  reach  the  far  points  of  the  bed  as  quickly  as  pos- 
sible. 

Mr.  Herbert  F.  Snow  relates  th"  following  experience  with 
sand  filters  at  Brockton.  Mass.  ""  Consi<lera])le  ice  began  to 
form  around  the  edges  of  the  level  beds,  and  gradually  to  ai)- 
proach  the  cari-iers.  The  leiii])ei-alure  of  the  sewage,  at  this 
time  about  44  degrees  Fahi-..  was  readily  ehilled  by  the  snow 
to  a  point  where  it  had  little  ])()wer  to  melt  the  ice.  Ob.serva- 
tions  made  \'bile  putting  sewage  into  snow,  showed  the  temper- 
ature to  be:  in  the  jjipc  4.")-  Fahi"..  20  ft.  away  from  the  carrier. 
43°;  50  ft.  42°:  75  ft.  37°;  and  beyond  this  the  sewage  did  not 
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penetrate  the  snow  at  all.  AVithin  this  area  the  liquid  re- 
tained ill  the  npiier  inches  of  the  filter  by  the  aecuiiiulated  or- 
ganic niattin"  frozi'  solid.  At  a  greater  depth  than  2  inches, 
less  liquid  being  retained  by  the  sand  grains,  though  frozen, 
the  mass  remained  porous." 

If  the  crust  of  ice  and  snow  that  forms  on  the  top  of  the 
beds  is  light,  the  heat  stored  in  the  sewage  is  generally  sufficient 
to  melt  it  as  each  dose  is  applied,  only  the  upper  few  inches  of 
the  beds  freezing  solid  between  doses. 

If  a  solid  sheet  of  ice  is  prevented  from  forming  on  the  sur- 
face of  the  beds  the  frost  will  push  the  grains  of  sand  on  the 
surface,  which  are  mixed  more  or  less  with  organic  matter, 
further  apart,  and  this  will  let  the  water  through  more  easily. 
Eddy,  at  Worcester,  Mass.,  has  taken  advantage  of  this  fact  by 
giving  the  beds  a  dose  of  about  300,000  gallons  per  acre,  equiva- 
lent to  11  inches  in  depth,  and  in  that  way  has  got  rid  of 
the  frost  and,  in  a  day  or  two.  of  any  accumulation  of  ice  and 
snow  that  may  have  formed. 

"When  the  bed  is  flooded  to  a  considerable  depth,  a  sheet  of 
ice  will  form,  in  cold  weather,  on  the  surface  of  the  sewage  be- 
fore it  has  time  to  sink  into  the  filter,  and  as  the  unfrozen  sew- 
age seeps  away,  the  ice  will  be  lowered  into  contact  with  the 
filter  surface  to  which  it  will  freeze,  completely  sealing  the  bed, 
unless  some  means  are  taken  to  prevent  it.  Various  methods, 
more  or  less  satisfactory,  have  been  tried,  some  of  which  will 
be  described 

FoDnation  of  Ice  Boof.  The  method  in  iLse  in  all  the  systems 
upon  the  drainage  areas  of  the  Metropolitan  Water  Supply  of 
Boston,  ]\Iass.,  is  to  place  stones  about  6  inchevS  in  diameter  at 
frequent  intervals  on  the  beds,  then  confine  the  sewage  flow 
to  one  bed  until  a  covering  of  ice  is  formed,  which  will  be  sup- 
ported by  the  stones,  as  the  sewage  drains  away  through  the 
bed,  forming  a  roof  of  ice  which  will  protect  the  bed  from  snow 
and  keep  subsequent  doses  of  sewage  w^ann,  allowing  them  to 
filter  in  the  coldest  weather. 

The  same  method  is  used  by  Eddy  at  Worcester,  Mass..  with 
the  modification  that  instead  of  placing  stones  on  the  filters  the 
sludge  on  their  surface  is  raked,  in  the  fall  of  the  year,  into 
piles  about  6  inches  high  and  approximately  12  inches  in  diam- 

[378] 


DAVIS    AND    nOWI.KS      SKWAGE    rUUIFirATION  Ql 

eter,  and  about  8  feet  from  center  tc  center,  those  piles  serving 
to  support  the  ice  covering  from  contact  with  the  filter  sur- 
face. The  sewage  is  distributed  to  these  beds  from  four  dif- 
ferent points  and  practically  no  trouble  had  been  experienced 
from  ice  freezing  to  the  surface. 

Use  of  Fufrows.  Another  method  that  has  been  quite  gen- 
erally used,  though  not  always  with  success,  is  to  plow  the  beds 
into  furrows,  in  the  fall  of  the  year  just  previous  to  the  time 
when  freezing  takes  place.  The  sewage  is  distributed  over  the 
beds  in  these  furrows  and  on  account  of  the  greater  depth  in 
proportion  to  exposed  area,  it  is  not  so  likely  to  freeze  as  if 
spread  out  into  a  thin  sheet  over  the  entire  bed.  Fig.  11  shows 
this  method  of  distribution  in  use  at  Brockton,  .Alass.  Consider- 
able variation  in  the  size  of  furrows  ha.s  been  used  by  different 
persons.  Xo  doubt  the  nature  of  the  sewage,  as  regards  the 
amount  of  sediment  it  carries,  the  size  of  grain  of  the  filter 
material,  and  other  matters,  have  a  bearing  on  the  question  as 
to  what  size  of  furrow  is  most  advantageous.  Little  informa- 
tion of  a  definite  nature  is  available  on  this  point.  Winslow 
reports  that  the  beds  at  the  Ohio  State  Reformatory  at  ^lans- 
field,  Ohio,  are  built  of  friable  crushed  sandstone.  They  were 
originally  plowed  with  furrows  1.5  ft.  high,  and  4  ft.  apart,  but 
this  worked  badly,  and  the  available  area  was  unduly  decreased 
and  the  beds  froze.  I^ater  snuill  furrows  6  inches  high  were 
plowed,  giving  poor  results,  the  beds  being  half  frozen  and 
covered  with  slush.  Probably  a  judicious  mean  might  prove 
more  favorable.  Boiling  ])repares  his  sand  filters  for  winter 
use  with  the  tops  of  the  ridges  about  3  feet  aj^art,  and  the  fur- 
rows about  12  inches  in  depth.  Allardicc,  at  Clinton,  ust's  fur- 
rows 3.5  feet  apart  and  15  inches  deep. 

After  a  bed  is  newly  furrowed,  material  from  tlie  sides  of 
the  ridges  will  fall  and  be  washed  down  into  the  bottom  of  the 
furrows  when  the  first  four  or  five  doses  are  applied.  To  lessen 
this  to  a  minimum.  Boiling,  in  making  tlu^  furrows,  uses  a  com- 
mon Ames  No.  2,  double-moldboard  plow,  with  an  extra  iron 
form  attached  to  the  moldboard,  whieli  enables  a  deeper  cut  to 
be  made,  and  the  flaring  edges  round  tli(>  shoulders  of  tlie  ridges, 
leaving  less  loose  nuiterial  to  fall  or  be  washed  down  into  the 
fuiTows. 

[3:o] 


f2 


i:ri.i.i;ri.\  <>i'    rm:  r.\i\i:i!si  rv  m-  Wisconsin 


"380" 


DAVIS   AND   BOWLES— SEWAGE    riUIEICATION  Q^ 

A  combination  of  the  furrow  and  ice  roof  methods  is  used 
by  Allardice.  The  furrowed  beds  are  given  doses  which  range 
from  500,000  gallons  per  acre  upwards.  The  dose  is  sufficient 
to  flood  the  bed  to  a  depth  of  more  than  a  foot  above  the  ridges, 
and,  before  it  has  seeped  away,  a  coating  of  ice  some  two  inches 
in  thickness  will  generally  form,  which  will  rest  on  the  tops  of 
the  ridges  when  the  sewage  has  disappeared,  thus  protecting  the 
bottoms  of  the  furrows,  which,  lie  states,  have  never  become 
frozen. 

In  the  spring, of  the  year  the  sediment  that  collects  in  the 
bottom  of  the  furrows  has  to  be  cleaned  out  and  carted  off. 
Where  crude  sewage  is  applied  to  the  filters,  the  sediment  may 
be  from  4  to  G  inches  deep  in  the  furrows.  Since  the  sediment 
is  mixed  with  the  sand  or  other  filter  material  that  has  fallen 
from  the  ridges,  there  is  more  loss  of  this  material  when  the 
beds  are  operated  by  the  furi'ow  method  than  when  operated 
flat. 

It  is  not  necessary  to  furrow  more  than  one-fourth  of  the  beds. 
The  flat  bcfls  may  l)e  operated  whenever  the  temperature  in  the 
morning  is  above  15°  Fahr.  When  lower  temperatures  prevail 
the  sewage  may  be  turned  onto  tlie  furrowed  filter  area,  which 
ma}^  be  operated  at  the  high  rates  mentioned  for  the  short  per- 
iods of  extremely  cold  weather.  Operating  the  filters  at  high 
rates  in  this  Avay  probably  produces  an  effluent  quite  inferior 
to  that  produced  by  the  beds  operated  at  their  normal  rate,  and 
on  this  account,  as  well  as  on  account  of  the  greater  ease  of 
<;-leaning  and  the  saving  of  filter  material,  it  would  seem  to  be 
preferable  to  operate  the  beds  fiat  under  all  conditions,  protect- 
ing them  when  necessary  by  an  ice  roof  supported  by  stones  or 
otherwise. 

Under  some  conditions  of  operation  it  becomes  necessaiy  to 
clean  the  filters  during  the  cold  season  of  the  year.  It  is  im- 
portant, in  such  an  event,  to  select  a  time  when  the  temperature 
is  suitable.  "When  it  remains  close  to  32°  Fahr.  the  filter  freezes 
only  to  a  slight  depth;  practically  no  deeper  than  the  bottom 
of  the  clogged  layer  of  material,  which  can  be  rapidly  removed, 
in  the  frozen  condition,  without  removing  any  considerable 
amount  of  clean  material.     If,  on  the  other  hand,  the  tempera- 
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ture  is  niiich  bolow  32°  Fahr..  tin-  lilters  freeze  several  inches 
deep,  causing:  tli<'  l(>ss  of  inucli  clean  material,  if  cleaning  is  done 
while  the  filter  is  in  the  frozen  condition.  Ordinarily  the  silt 
does  not  penetrate  far  into  the  filter,  one-quarter  to  one-half  an 
incli  nsnally  lieinir  the  depth  of  clogging. 


t 
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THE  OPERATION  OF  TRICKLING  FILTERS 

Normal  Operation 

In  the  operatiou  of  trickling-  filters  it  is  of  prime  importance 
to  secure  nniform  distribution  of  the  sewage  over  the  area  of 
the  lilter  and,  for  this  purpose,  a  number  of  styles  of  nozzles, 
gravity  distributors,  troughs,  and  mechanical  appliances  have 
been  devised  and  experimented  with.  If  these  devices  do  not 
accomplish  this  object,  some  j)ortions  of  the  filter  will  receive  an 
overdose,  while  other  parts  ar(^  not  doing  their  share  of  work 
of  purification.  The  effect  of  an  overdose  may  be  indicated  by 
the  accumulation  of  black  sludge  in  the  upper  part  of  the  filter, 
and  if  this  accumulates  to  a  great  extent,  it  will  clog  the  filter,, 
causing  the  applied  sewage  to  stand  in  pools  on  the  surface. 
Such  a  clogging  and  pooling  will  prevent  proper  aeration  of  the 
filter  and  thereby  reduce  its  efi:'ectiveness.  Ordinarih^  a  trick- 
ling filter  will  satisfactorily  purify  sewage  applied  at  the  rate 
of  2,000,000  gallons  per  acre,  or  the  sewage  of  about  20,000  per- 
sons. The  amount  any  particular  filter  can  purify  will  depend 
upon  its  depth,  the  si'ze  and  nature  of  the  material  of  which  it 
is  comj)osed,  the  temperature  of  the  air  and  sewage  and  the 
strength  and  character  of  the  sewage.  A  study  should  be  made 
by  the  manager  of  each  plant  to  determine  the  proper  rate  at 
which  to  apply  the  sewage  to  his  beds. 

Trickling  filters  do  not  produce  as  clear  effluent  as  percolating 
filters,  or  even  as  contact  beds  do.  The  pores  of  the  filter  are 
large  enough  to  allow  most  all  solid  matter  in  the  sewage  to 
pass  through,  there  being  no  straining  action  as  in  the  case  of 
percolating  filters.  The  large  amount  of  sediment  in  the  effluent 
from  a  trickling  filter  causes  the  treated  sewage  to  have  a  muddy 
appearance  even  though  it  is  perfectly  stable  and  free  from  odor, 
and  where  the  effluent  is  to  be  turned  into  a  body  of  clear  water 
it  is  generally  desirable  to  settle  out  the  sedinient  in  small  sedi- 
mentation basins.  It  is  found  that  this  sediment  i.s  not  offensive- 
The  amount  of  sediment  in  the  effluent  from  a  trickling 
filter  varies  considerably  with  the  seasons,  but  will  average  up 
slightly  less  than  the  sediment  in  the  infinent  sewage.     In  the 
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t'xprriiiiriit.il  plaiit  ;i1  IJoslmi  it  was  foiiiid  llial  I  lu'  aiiKHiiit  of 
solid  iiiatttT  was  less  in  the  ct'llucut  than  in  the  apj)li('d  scwajj^e 
except  in  the  second  quarter  oi'  tlie  year.  In  the  second  quarter 
of  each  year  there  was  an  enormous  increase  of  solids  in  the 
elKhu'iit  to  a  jioint  iu  excess  of  the  amount  in  the  applied  sewage. 
This  means,  of  course,  that  the  suspended  solids  of  the  sewage 
are  ordinarily  held  on  the  bacterial  films  which  cover  the  stones, 
while  during  the  second  quarter  th(-  accuinulatcd  material  is 
washed  out  again  into  the  effluent.  The  trickling  filter  thus 
automatically  frees  itself  from  suspended  solids,  after  accumula- 
tion has  taken  place  to  a  certain  extent,  and  this  action  will  tend 
to  prevent  a  permanent  clogging  of  the  beds,  sucli  as  occurs  in 
other  types  of  filters. 

Resting  a  trickling  filter  appears  to  be  detrimental  to  its  ac- 
tion and  unnecessarj%  and  its  operation  should,  therefore,  be 
made  as  constant  and  uniform  as  possible.  It  has  not  yet  been 
determined  definitely  whether  this  decrease  of  efficiency  is  due 
to  injury  of  the  bacteria  in  the  filter  by  changed  conditions  or 
to  the  detachment  of  dried  masses  of  bacteria,  or  to  other  causes. 

In  case  the  filtering  material  becomes  clogged,  coni^iderable  re- 
lief may  be  obtained  by  allowing  tlv  filter  to  dr>'  out  and  there- 
after applying  sewage  for  a  short  time  at  high  rates  so  as  to 
iiid  in  the  detachment  and  removal  of  the  clogging  matters. 

Winter  Operation 

During  cold  weather  the  operation  of  the  filters  should  not  be 
stopped,  as  this  would  allow  the  entire  mass  to  become  chilled, 
causing  a  lowering  in  the  activity  of  the  bacteria  it  contains.  It 
is  more  difficult  and  expensive  to  protect  trickling  filters  from 
extreme  cold  than  percolating  filters.  The  sewage  necessarily 
being  sprinkled  onto  trickling  filters  is  more  exposed  to  chilling 
by  the  cold  air  than  where  it  can  be  flowed  onto  beds  in  large 
(|uantities  under  a  covering  of  ice.  It  is,  however,  quite  possi- 
ble to  operate  trickling  filters  in  cold  weather.  The  disposal 
l)lant  at  the  AUis-Chalmers'  Works  in  Milwaukee  operates  very 
satisfactorily  during  the  entire  year.  There  the  filters  are  cov- 
ered with  a  roof  and  are  provided  with  removable  sides,  which 
are  put  up  at  the  ai)pr()ach  of  cold  weather  and  taken  down 
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a.t^ain  in  the  spi-iiiL;.  The  i-oof  and  sides  srcvc  to  pi-olcct  the 
filter  from  snow  and  i'foni  chillinu'  winds.  Ivxpcrinicnts  have 
been  made  :it  IJoston.  Mass..  and  a1  Coliiinlins,  ().,  on  the  o[)era- 
tion  of  tricklinu-  fillers  withimt  pi'nteclion.  At  P>oston  during' 
1906-07  iiiiniuuiiii  leiiiperatui-es  fell  below  5-  Fahr.  on  lii'feen 
different  days  and  on  twehc  days  the  niaximnni  feiiiperatiire 
was  nnder  20  Falir.  Vet  ice  and  snow  collected  oidy  at  the 
outer  ed<je  and  coiners  of  the  liltefs.  leavinii'  the  mam  pai-t  of 
their  surface  clear.  The  condition  (,f  the  Boston  c.xperiiiiental 
beds  at  theii-  woi'sl   is  shown  in  Fiuures  12  and  13. 
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TESTS  OF  EFFKiKXCY 

The  |»r(i]ici-  lip'']';!!  i(ui  of  piii'ifii'jit  ioii  phitils  dofs  not  rtMjuire 
that  clii'itiical  oi-  bacterial  analysi-;  he  itiadc  I'm-  there  are  a 
nuinhcr  of  uiaiiifcstations  by  wliich  one  may  jud^c  of  the  ef- 
ficiency of  a  pbmt.  In  addition  to  those  wliich  have  already 
been  discussed  may  be  mentioned  the  test  for  putrescibility. 
This  last  has  for  its  iibject  the  determination  of  the  keeping 
tpialities  of  the  effluent.  An  effluent  which  has  been  so  far  pur- 
ified as  to  ccntain  no  putrescible  matter  may  be  turned  into  any 
water  course  without  danger  of  creating  a  nuisance,  on  the  other 
hand,  an  effluent  may  still  contain  considerable  of  such  matter 
but  may  at  the  same  time  contain  a  sufficient  amount  of  dis- 
solved air  and  mineral  salts  to  oxidize  it,  and  such  an  effluent 
would  not  putrefy  if  allowed  to  stand  or  if  turned  into  a  water 
course.  If  there  is  not  enough  oxygen  in  the  sewage  to  com- 
pletely effect  this  result,  the  effluent  may.  nevertheless,  be  con- 
sidered satisfactory  if  it  contains  enough  oxygen  to  prevent  put- 
refaction for  a  reasonable  length  of  time,  for  in  that  time  the 
effluent  will  have  become  diluted  with  other  water  and  will  re- 
ceive more  oxygen  from  it  to  complete  the  work. 

The  test  for  putrescibility  is  made  in  diff'erent  ways;  two  of 
which  will  be  described.  The  first  is  called  the  odor  test.  In 
this  method  an  average  sample  of  the  effluent,  contained  in  a 
bottle  which  is  completely  filled  and  tightly  stoppered,  is  placed 
where  the  temperature  can  be  maintained  practically  constant, 
at  37°  C.   (or  98°  Fahr.). 

At  the  end  of  48  hour-;  the  stopper  should  be  removed  and  a 
test  made  for  odor.  If  the  sample  gives  off  no  offensive  odor, 
nor  is  blackened,  a  non-putrescible  effuent  is  indicated.  If  the 
odor  is  slight  and  disappears  almost  immediately  upon  remov- 
ing the  stopper  the  results  are  questionable.  If  the  sample  has 
blackened  and  gives  off  foul  odors,  the  sample  is  putrescible 
and  the  degree  of  purification  is  unsatisfactory.  In  case  it  is 
not  convenient  to  maintain  a  temperature  of  98°  Fahr..  the 
same  result  may  be  obtained  by  keeping  the  sample  at  a  tern- 
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perature  of  i^S""  Falir.  but  Iwier  as  loiijr  a  time  should  1)('  allowed 
before  openin<>'  the  bottle. 

The  second  method  is  known  as  the  methylene  blue  test.  A 
small  portion  of  an  acpieons  solution  of  the  dye  (1  cubic  centi- 
meter of  a  1  per  cent,  solution)  is  added  to  the  eftiuent  in  a 
u-Jass  stoppered  bottle  of  2r)()  cubic  centimeters  capacity,  and  the 
sample  is  kept  at  either  98°  or  68°  Fahr.  The  blue  color  of  the 
solution  remains  pi-acticaljy  uncli:iiiL;('(l  (lui'ini:  the  ])cr;od  of 
observation  until  the  available  oxyocn  in  the  efluent  is  used  up 
by  the  organic  nuittcn-  })resent  and  putrefactive  coiulitions  arise. 
At  this  point  the  dyv  is  reduced  and  decolorized.  The  tinu'  re- 
quired for  decolorization  is  a  quantitative  measure  of  the  deg-ree 
of  putrescibility  of  the  sam])le.  and  the  retention  of  the  color 
for  a  period  of  four  days  or  more  at  GS°  or  of  two  days  at  98° 
may  be  taken  as  an  indication  of  u'ood  stability.  Instead  of  the 
periods  mentioned,  some  use  a  period  of  one  week  at  68°  and 
four  days  at  98°  as  the  standard.  A  higher  degree  of  ])urifica- 
tion  is  required  to  satisfy  this  test  than  the  test  with  shorter 
])ei'iods.  A  note  should  be  made,  in  the  records  of  tests,  of  the 
stiuidard  used. 

The  solution  of  methylene  bliie  iMcpiired  in  this  test  can  be 
prepared  by  any  druggist.  The  apparatus  required  for  the  test 
is  simple  and  inexpensive  and  is  shown  in  Fig.  14.  It  should 
be  especially  noted  that  the  bottles  irnist  be  completely  filled 
with  the  sample,  otherwise  the  air  contaiiu'd  in  the  upper  part 
of  the  bottle  would  help  to  oxydize  the  sample  and  make  the 
test  inaccurate. 
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Figure  14. — Appakatis  Rec^iirp^d  for  MAKiN(i  the  PrTREsciBiLixY  Test. 

The  large  bottles  each  have  a  capacity  of  250  cubic  centimeters.  One  is 
needed  for  eacli  sample  to  be  tested.  No.  1  and  No.  2  show  how  the  bot- 
tles appear  when  filled  with  crude  sewage  or  ettluent.  The  slock  solution 
of  methylene  blue  is  contained  in  No.  5.  By  means  of  the  pipettes,  three 
of  which  are  held  in  the  graduate,  1  cubic  centimeter  of  the  methylene 
blue  solution  is  measured  and  added  to  the  samples  in  bottles  1  and  2. 
The  resulting  appearance  is  shown  in  Nos.  3  and  4.  After  the  oxygen  in 
the  samples  is  used  up  the  color  disappears  and  the  samples  again  appear 
like  No.s.  1  and  2.  Note  that  the  bottles  are  completely  filled  up  to  the 
glass  stoppers.     The  graduate  is  not  needed  in  this  test. 
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INVESTIGATION  OF  WISCONSIN  PLANTS 

During-  recent  years  there  has  been  a  good  deal  of  discussion 
on  the  subject  of  the  proper  design  of  sewage  purification 
plants,  and  there  has  been  a  large  amount  of  investigation  into 
the  chemical  and  biological  processes  involved,  both  by  experi- 
ments in  laboratories  and  by  means  of  miniature  experimental 
installations.  Interesting  and  valuable  as  these  investigations 
have  been,  it  has  been  realized  that  deductions  drawn  from 
them  may  not  be  strictly  applicable  to  the  cases  of  full  sized 
plants  operating  under  normal  conditions. 

As  shown  in  Table  2,  pages  74-75,  there  are  now  operating  in 
the  state  of  Wisconsin  eighteen  oi-  luoro  municipal  and  institu- 
tional sewage  purification  plants,  their  location  being  indicated 
on  the  map  on  page  76  by  a  circle;  yet  there  is  no  published 
data  to  show  what  methods  of  operation  or  features  of  their  de- 
signs are  best  adapted  to  AViseonsin  conditions.  There  are  also 
shown  on  the  map,  by  lilack  dots,  the  communities  now  having 
either  complete  or  ])artial  sewerage  systems  and  discharging  their 
crude  sewage  into  the  water  courses.  It  is  a  matter  of  only  a 
comparatively  few  years  when  practically  all  of  these  places,  as 
well  as  others  at  pr(>sent  inisewered.  will  be  compelled  to  purify 
their  sewago. 

It  is  evident  that  a  careful  study  of  this  matter  and  the  de- 
termination of  the  principles  on  which  pro])er  design  and  soimd 
construction  should  rest  may  add  matci'ially  to  oui*  information, 
increase  the  efficiency  of  operation  and  rcduct'  the  losses  due 
to  unnecessary  or  undesirable  designs. 

Reliable  information  concerning  the  ojieration  of  actual  plants 
working"  imder  diverse  conditions  is  difficult  to  procure  on  ac- 
count of  the  neglect  that  befalls  most  plants. 

The  termination  of  the  expert  management  of  sewage  puri- 
fication plants  usually  takes  place  very  shortly  after  their  com- 
pletion, for  the  engineer  who  designed  the  plant  and  supervised 
its  construction  and  wlio  has  studie(''  every  phase  of  its  environ- 
ment, who  knows  what  kind  of  sewage  is  to  be  dealt  witli  and 
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TABLK  i\0.   2. 
The  SEWEK.xcJt;  of  Wisconsin  Cities  and  Institutions. 


Name  of  Place. 

Popula- 
tion. 

Disposal. 

Method  of  Purification. 

5. 000 

17.aiO 
1.500 

13.000 
5.800 
2.. 500 

15.000 
4. 750 
5.  500 
2.600 

12.0tH) 
2.500 

300 
2.500 
4.500 

18.500 
2.300 
2. 500 
1.700 

15.000 

3. 500 
3.000 
1.600 

14.000 
3. 500 
5. 000 

15.000 
1,100 
1.200 

33,000 

800 

1,500 

3,000 

28.000 

6,250 

12.000 

1.800 

2. 000 

2.000 

3. 500 

6.000 

600 

800 

325,000 

2,000 

"""7.' 666' 

4.(K)0 
1..500 
1.200 

6.000 
800 
2.. 500 
3.5(H) 
3.(K)0 
1.400 
30.000 

2.000 
3.  .5ai 

Branch   of   Kau   Claire 
Kiver 

None. 

Appleton 

Fo.x  Kiver 

Trempealeau  River 

Lake  Superior 

None. 

Anadia 

None. 
None. 

BaraVjoo  River 

None. 

BavfieldCitv 

Lake  Superior 

Rock  Ri ver 

None. 

Beloit.    .           

None. 

Borliii 

Fox  River 

None. 

Beaver  Dam  River 

Fo.x  River 

None. 

None. 

Chippewa  Falls 

Chippewa  River 

None. 

Rock  River 

None . 

Dane  County   Poor 

Marsh  drains  into  Sugai 
River 

Septic  tank  and  filter. 

Turtle  Creek 

None. 

Fox  River 

None. 

Cliippewa  River 

None . 

Rock  River 

None . 

Elkhorn 

Marsh 

Residential  Septic  Tanks. 

Elroy 

Baraljoo  River 

Fond  du  Lac  River 

Rock  River 

Mill  Pond  and  River 

Roc  >  River 

None. 

Fond  du  Lac 

Septic   tank   and  contact 

Ft.  Atkinson 

Hartford 

beds;  not  in  operation. 
None. 
None. 

None. 

Rocl<  Kiver 

None. 

Rock  River 

None. 

Fox  River 

None. 

Lake  Michigan 

None. 

Kiel 

None. 

Wisconsin  River 

None . 

Mississippi  River 

None . 

Kiclvapoo  River 

None . 

Lake  Mills 

Rock  Creek 

None . 

Lancastei" 

Creek    emptying   into 
Grant  River 

Septic  tank  and  filters. 

Yahai'a  River 

Septic  tank  and  trickling 

Mai-shfield.. 

Creek 

filter. 
Septic  tank  and  filters. 

Manitowoc  River 

None. 

Marinette 

Menomonee  River 

Lemon  weir  River 

Filters. 

Mansion..  .. 

None . 

Rock  River 

None . 

Medford 

Black  River 

None. 

Fox  River 

None. 

Lalve  Mendota 

Septic  tank  and  fillers. 

Merrillan 

Brunch  of  Black  River.... 
Milwaukee  River 

None. 

None . 

Milwaukee   County 
Institutions 

Menominee  River 

Lake  Winnebago 

Septic  tank  and  filter-i. 

Septic  tan    and  filters. 

Red  Cedar  River 

None. 

Sugar  River 

Septic  lank  and  filters. 

Mondovi 

Buffalo  River 

None. 

MudCr  ek 

Sedimentation  tanks  aeia- 

Neenah    .... 

Lake  Winnebago 

tion  and  filters. 
None. 

Wisconsin  River 

None. 

Back  River 

None. 

Wolf  River 

None. 

Oconomowoc 

Branch  of  Rock  River. . . . 

None. 

None. 

Oshkosh 

Lake  Winnebago  and  Fox 
and  Wolf  Rivers 

Phillips 

None. 
None. 

Plymouth 

Mullett  River 

None. 
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TABLE  NO.  2 
TuK  Sewkkagk  ok  Wisconsin  Citiks  and  INSTITUTIONS—Continucil. 


Name  of  riai 


Port  Washington. 
Prairie  du  Cliieii.. 
RaL'ino 


Rccdsl)ur}? 

Rit'hlami  Center.. 

River  Falls 

Rhinelander 

Ripon 

Sauk  City 

Shawano 

Sheb  o.vgan 

Soldiers  Home  — 
South  Milwaukee. 

Sparta 

Stevens  Point 

Stousrhton 

Stanle.v 

Superior 

Tomah 


Tomahawk.. 
Two  Rivers. 


Popula- 
tion 


Wales  Sanitarium. 
Wauwatosa 


Wausau 

Waukesha  . . 
Watertown  . 
Waupun 
West  Salem . 


Pr..\N*s 


4.000 

2,500 

35.000 

3.000 
2.500 
3.  CKH) 
li.(X)0 
4.000 
900 
2.000 
25,000 


5.000 
4. 000 

11.000 
3. 500 
3.(X)0 

35,000 
3.500 

3.  WO 
5. 200 

200 
3.000 

14,500 
8,000 

10.500 
3,000 
1 .  000 


Disposal. 


Lake  Michi«-an 

Mississippi  Uiver 

Lake  iMichitran  and  R>  ot 

River  

Haralioo  River 

Pine  River 

Kiiniikiiinic  River 

Wisconsin  River 

SilveiCivek 

\\  isconsin  River 

Wolf  River 

Lake  Michitran 


I^ake  Michipran 

r.a  t'losse  River 

Wisconsin  River 

Vahaia  River 

Eau  Claire  River 

Lak(>  Supei'ior 

Branch  of  Lemonweir 

River 

Wisconsin  lii ver 

^'orth  and  South  Twin 

Rivers 

Subsurface  tile  s.vstem. 
Menominee  River 


Wisconsin  River. 

Fox  River 

Rock  River 

Rock  River 

La  Cro.sse  River. 


Method  of  Purification. 


None. 
None. 

None. 

None. 

None. 

None. 

None. 

Filters. 

None. 

None. 

None. 

Filters. 

None. 

None. 

None. 

None. 

None. 

None. 

Se])tic  tanks. 
None. 

None. 

Septic  lank. 

Septic  tank  and  sand  in- 
ters. 
None. 

Septic  tank. 
None. 
None. 
Settlintr  tank. 


Athens 

Ellsworth 

Menomonie  I'^alli- 

Phillips 

Waupaca 

West  Baud 


Approved  by  the  St.^te  Boakd  of  1Ik.\i.th 
On  a  meadow 


9(1) 
1.100 

900 
1 .  80'J 
2.900 
2,100 


Waupaca  River... 
Milwaukee  River. 


Septic  tank. 
None. 
Sedimentation  tanks. 


Two  septic  tanks. 
Septic  tanks. 


3<J3 
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FiGiKK  15. — Map  ok  Wisconsin  Showing  Location  of  Purification  Plant; 
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its  quantity  and  variation,  and  who  understands  how  such 
variations  are  to  be  met,  leaves,  and  the  completed  plant  is 
often  turned  over  to  the  unwilling  care  of  some  city  officer  with 
other  duties  which  already  fill  his  time.  Common  imagination 
credits  the  plant  as  being  a  place  of  bad  odor  and  revolting 
conditions.  The  idea  that  it  can  be  a  place  of  interest  and 
source  of  information  is  not  readily  acquired.  It  follows  that 
officers  are  not  ordinarily  found  who  like  to  be  associated  with 
it,  or  who  take  pride  and  interest  in  learning  the  principles  of 
its  construction  and  operation.  Moreover,  in  most  cases,  the 
laudable  desire  on  the  part  of  city  officials  to  limit  the  city  ex- 
penditures, results  in  the  narrowing  down  of  appropriations  for 
the  care  of  the  plants,  to  such  an  extent  as  to  result  in  practic;)! 
abandonment;  or  at  best  the  operation  is  done  in  such  a  perfunc- 
tory manner  as  to  be  inefficient.  The  careful  and  patient  ob- 
servation required  to  study  each  ])hase  and  understand  its  cause 
is,  therefore,  not  generally  found  among  those  entrusted  with 
the  care  of  plants. 

In  view  of  these  facts  it  was  decided,  in  1907,  to  begin  an 
investigation  of  the  sewage  purification  plants  in  operation  in 
the  state  of  Wisconsin.  By  the  cooperation  of  the  College  of 
Mechanics  and  Engineering  and  the  College  of  Agriculture  of 
the  University  of  Wisconsin,  and  the  State  Hygienic  Laboratory, 
sufficient  funds  were  provided  to  pay  the  expenses  incident  to 
inspecting  some  of  the  plants,  collecting  and  transporting  sam- 
ples and  making  analyses.  The  College  of  Agriculture  was  in- 
terested more  particularly  in  the  study  of  plants  designed  for 
the  disposal  of  dairy  wastes,  while  the  funds  of  the  Engineering 
College  were  directed  to  the  study  of  municipal  and  institutional 
plants.  The  results  of  the  latter  study  are  given  on  the  follow- 
ing pages. 

Plant  at  jMadison 

The  study  of  the  Wisconsin  sewage  disposal  plants  was  started 
with  the  investigation  of  the  city  plant  at  Madison.  This  plant 
being  near  the  laboratory  afforded  a  better  opportunity  to  study 
its  workings,  than  some  of  the  plants  out  of  the  city. 

At  the  time  when  this  study  was  C(^mmenced.  in  October,  1907, 
the  septic  tank  had  not  been  cleaned  since  early  in  July  of  the 

[395] 


78  nULLKTIN    OF    THE   UNIVEUSITY    OF    WISCONSIN 

same  yoai'.  In  lookiii'^  ovci- 1  lie  analyses  in  'I'ahlc  :!.  an  iinprovcnient 
in  the  action  of  the  tank  can  be  seen  after  it  was  again  cleaned, 
in  October,  11)07.  Just  before  beini;  cleaned,  it  is  found  that 
the  effluent  from  the  tank  was  heavy  in  suspended  solids  and 
organic  matter.  As  shown  in  Table  4,  3,600,000  gallons  of 
sewage  were  pumped  on  October  8,  1007.  At  this  rate  of  flow,, 
the  sewage  remained  only  about  two  and  one-half  hours  in  the 
tank.  This  was  too  short  a  period  to  allow  complete  action,  as 
is  shown  by  the  fact  that  the  effluent  putrefied  in  one  and  one- 
half  days. 

During  the  summer  of  1908,  better  purification  was  obtained 
than  during  the  previous  summer.  This  fact  was  shown  by  a 
few  analyses  (not  shown  in  the  table)  made  during  the  summer 
of  1907,  before  active  work  on  the  study  of  this  plant  was  begun. 
One  reason  for  this  was  that  the  summer  of  1908  was  a  very 
dry  one,  and  the  capacity  of  the  tanks  was  not  so  greatly  over- 
taxed as  it  is  in  rainy  weather. 

In  Figure  16  is  shown  a  graphical  comparison  of  the  chemical 
condition  of  the  crude  sewage  with  that  of  the  effluent  at  the 
Madison  Plant,  based  on  averages  for  the  year  computed  from 
Table  3.  In  the  septic  tank  effluent  there  was  an  average  re- 
moval of  42.8  per  cent,  of  solids  in  suspension.  31.5  per  cent, 
of  chlorine.  44.6  per  cent,  free  ammonia,  60.8  per  cent,  of  al- 
buminoid ammonia.  The  chlorine  is  always  lower  in  the  efflu- 
ent of  septic  tanks  than  it  is  in  the  raw  sewage.  Apparent  loss 
of  chlorine  during  aeration  is  sometimes  caused  by  the  forma- 
tion of  chlorates.  The  per  cent,  of  chlorine  existing  as  chloride 
only  was  determined. 

In  perfectly  fresh  excreta,  taking  the  solids  and  liquids  to- 
gether, the  total  nitrogen  somewhat  exceeds  the  clilorine.  The 
ratio  existing  between  the  quantities  of  these  two  elements  will 
remain  unchanged  when  the  excreta  is  diluted  with  pure  water, 
so  long  as  the  nitrogen  and  chlorine  remain  in  fixed  forms. 
Therefore,  the  same  ratio  is  generally  applicable  to  fresh  sew- 
ages. A  decrease  in  the  ratio  indicates  the  gaseous  dispersal  of 
nitrogen  or  the  addition  of  chlorine  by  diluting  with  impure 
water. 

There  was  a  removal  of  44.6  per  cent,  of  nitrogen  as  free  am- 
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TAiu.K  NO.  :;. 

Showing  Vakiation  in  Qiamtv  ok    Skwacjk    and    Ef-fluents    a'I'    the 

Madison.  Wis..   .Mink  h'ai.  Plant. 

The  quantities  given  aremonllily  averairese.xore.ssed  in  Darts  uer  million. 


Solids 

cj 

a 

1 

.^. 

in  sus- 

5 

3 

^ 

s 

.\  mount 

pension. 

g 

S 

3, 

5 

)f  sewage 

Date. 

Sample. 

- 

s 

S 

■r. 

■r. 

% 

=  £ 

"S 

in  gal. 

^ 

-; 

ri 

« 

H 

'Z. 

0.  s 

J-c 

per  day. 

1 

x: 

1 

■£. 

'B 

^ 

•2 

So 

Is 

H 

- 

- 

<; 

X. 

Z 

o 

o  - 

^ 

ltX)7. 

Oct 

Raw 

sewage 

i;i:!. 

35. 

2t5.25 

4. 

0 

0 

89.2 

60.2 

«  day... 

Oct.... 

Tank 

ettluent.... 
I'iltcr 
etiluent 

S\). 

Ui. 

14.25 

2.25 

trace 

0 

51.2 

17.1 

li  days. 

2.004.000. 

Oct 

40. 

14. 

11. (X)    1.25 

0 

.5 

46.8 

7.0 

5  days 

Nov.... 

Raw 

sewage 

125. 

l(i. 

50.25 

7. 

0 

0 

94.8 

73.6 

6  hours. 

Nov.... 

Tank 

ellluenl.... 

(iO. 

17. 

35.5 

1.5 

.8 

0 

,56.2 

25.6 

3  days.. 

2.014,000. 

Nov  . . . 

I'ilter 

effluent.... 

5.3. 

15. 

18.00 

0.75 

0 

1 

52.7 

6.4 

7da.vs. 

Dec... 

Haw 

sewage  — 

127. 

40. 

15.00 

29. 

0 

0 

101.0 

.59.1 

}  day. 

Dec... 

Tank 

effluent.... 

72. 

24. 

31.00 

21. 

0.5 

0 

50.1 

19.2 

3  days.. 

1,6;'5.000. 

1908. 

.Ian*.... 

Raw 

sewage 

149. 

1)0. 

40. 

25. 

0 

0 

68.2 

48. 

i  day. 

.Ian.... 

Tank 

effluent.... 

77. 

15. 

23. 

12.25 

trace 

0 

54.0 

11. 

2da.vs.. 

1,512.000. 

Feb.... 

Raw 

sewage 

lit). 

.34. 

51.2 

26.4 

0 

0 

72.4 

54.0 

J  day. 

Feb.... 

Tank 

effluent.... 

118. 

31. 

28.4 

8.0 

0 

0 

61.2 

12.0 

2  days.. 

1,842,000. 

Mar... 

Raw 

sewage 

i;{y. 

40. 

39. 

24.6 

0 

0 

59.4 

48. 

6  hours. 

Mar  . . . 

Tank 

effluent.... 

105. 

21. 

25.2 

7.8 

trace 

0 

48.5 

11. 

2i  days. 

1.949.000. 

April.. 

Raw 

sewage 

145. 

46. 

40.1 

28.2 

0 

0 

62.5 

52.1 

i  day. 

Auril.. 

Tank 

effluent.... 

52. 

15. 

28.1 

7. 

0 

0 

.39.1 

10. 

3  days.. 

2.140.000. 

May  . .. 

Raw 

sewage 

12ti. 

34. 

51.2 

26.4 

0 

0 

72.0 

94.8 

iday. 

May... 

Tank 

effluent.... 

i)6. 

10. 

26.3 

5.0 

0 

0 

59. 

56.8 

3  days. 

2.855,000. 

May... 

IMlter 

effluent — 

40. 

14. 

10. 

3.0 

4. 

2. 

51. 

10.2 

7  days. 

.lune  . . 

Raw 

sewage  — 

129. 

24. 

.52.3 

25.4 

0 

0 

69.2 

84.1 

6  hours. 

June . . 

Tank 

effluent.... 

71. 

18. 

28.2 

6.4 

0 

0 

.48.2 

52.4 

3  days. . 

3,159,000. 

June . . 

Filter.. 

effluent.... 

52. 

0. 

11.4 

3.8 

2. 

6. 

.39.2 

8.4 

10  days. 

July  .. 

Raw 

sewage 

134. 

•«5. 

61.0 

29.2 

0 

0 

68.1 

89. 

}  day. 

July  .. 

Tank 

effluent.... 

8ti. 

20. 

.34.2 

10.1 

0 

0 

52. 

61. 

3  days.. 

2,169.000. 

July  .. 

la  Iter 

effluent 

35. 

12. 

10  2 

4.1 

0.5 

5. 

48. 

12. 

lOi  days 

Aug.... 

Raw 

sewage 

147. 

tu. 

,56.2 

35.0 

0 

0 

71.2 

91.3 

i  day . 

Aug.... 

Tank 

(Affluent.... 

7t!. 

10. 

20.4 

8.0 

trace 

trace 

49.1 

54.2 

3  days. . 

1,1)89.000. 

Aug.... 

Filter 

effluent.... 

32. 

10. 

12.1 

5.0 

1.0 

4.2 

44.2 

11.1 

todays. 

Sept... 

Raw 

sewage 

IIG. 

35. 

48.2 

.38.1 

0 

0 

78.2 

91.2 

iday. 

Sept... 

Tank 

effluent 

84. 

20. 

18.4 

23. 

trace 

trace 

58.1 

5  .4 

35  days. 

1.540.000. 

Sept... 

Filter 

effluent.... 

40. 

15. 

.S.4 

5.5 

1.5 

4.5 

49.1 

10.5 

11  days. 

*Filterbeds  were  not  used  after  November  until  May,  H)08. 
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TAIiLF.   NO.    I. 

AnAI.YSKS  ok  SK\VA(iK  AND  EkKLUKNTS  AT  TIIK   MaDISON,   WiS..  MUNICIPAL 

Plant  fou  thk  Month  of  Octokkr,  1907. 
Quantities  are  parts  per  million. 


Solids 

A 

in  sus- 
pension. 

o 

S 

S 
a 

i 

i 

Amount 
of  sewage 

Date, 

Sample. 

01 

o 

rf 

in  gal.  per 
day. 

o 

s 

X  M 

a*j 

H 

fa 

fa 

< 

^ 

^ 

o 

O 

Pm 

1907. 

Oct.  2 

Raw 

sewage  — 

138. 

40. 

26.85 

4. 

0 

0 

9S. 

82.5 

i  day. 

Oct.  2 

1  ank 

ettluent ... 

72. 

15. 

14.25 

2.25 

trace 

0 

79.5 

28.3 

U  days. 

2,004,000 

Oct.  2 

Filter 

ettluent.,.. 

40. 

13. 

11.0 

1.25 

0 

0.5 

70.5 

8.5 

5  days. 

Oct.  8 

Kaw 

sewage 

129. 

35. 

39.25 

4.5 

0 

0 

89.6 

79.6 

i  day. 

Oct.  8 

Tank 

etHuent ... 

65. 

8. 

28.25 

3.25 

trace 

0 

50. 

26.3 

lidays. 

3,600,000 

Oct.  8 

Filter 

ettiuent  ... 

43. 

14. 

18.5 

2.25 

1. 

0.3 

47.5 

7.;" 

3  days. 

Oct.  9 

Kaw 

sewage 

130. 

37.2 

41. 

5.24 

0 

0 

94.8 

69.5 

I  day. 

Oct.  9 

Tank 

ettiuent . .. 

78. 

18. 

28.7 

2.5 

0 

0 

56.9 

25.1 

2  days 

2.014,(l(K> 

Oct.  9 

Filter 

ettluent  .  . 

45. 

12. 

8. 

1.5 

ti-ace 

0.52 

52.4 

8.3 

6  days. 

Oct.  11 

Kaw 

sewage 

132. 

36.5 

42.5 

6.5 

0 

0 

97.8 

73.4 

iday. 

Oct.  11 

Tank 

ettluent . . . 

62. 

16. 

24.5 

2.5 

trace 

0 

60.5 

28.1 

2  days. 

1,949.000 

Oct.  11 

Filter 

ettluent  . . . 

51. 

11. 

5.5 

0.5 

trace 

0.9 

54.3 

9.0 

6  days. 

Oct.  14 

Kaw 

•    sewage 

133.5 

32. 

41.5 

8.7o 

0 

0 

89.8 

71.5 

iday. 

Oct.  14 

Tank 

effluent... 

95.4 

17.5 

30.5 

3.75 

.5 

0 

48.3 

30.2 

2  day-. 

1,634,000 

Oct.  14 

Filter 

ettluent . . . 

45. 

13.5 

19.5 

0.75 

trace 

1.2 

41.8 

9.5 

3  wks. 

Oca.  10 

Kaw 

sewage 

139.6 

35.4 

43.75 

8.5 

0 

0 

100.5 

68.3 

i  day. 

1,885,000 

Oct.  16 

Tank 

effluent ... 

79. 

20. 

36.25 

2.0 

0.7 

0 

62.0 

32.8 

2  days. 

Oct.  16 

Filler 

effluent . . . 

50. 

10. 

13.75 

1.25 

0.6 

1.0 

58.1 

10.3 

todays. 

Oct.  21 

Raw 

sewage 

145.1 

38. 

42.5 

3.75 

0 

0 

94.8 

72.' 

4  day. 

Oct.  21 

Tan  < 

effluent . . . 

92.0 

21.0 

30.25 

4.5 

0 

0 

56.2 

36. i 

2  days. 

1,758,000 

Oct.  21 

Filter 

effluent . . . 

52.0 

17.0 

19.5 

1.15 

1. 

0 

52.7 

11.2 

todays. 

Oct.  23 

Raw 

sewage  — 

140.2 

30.0 

42. 

4.0 

0 

0 

81.8 

85.2 

J  day. 

Oct.  23 

Tank 

effluent ... 

82.3 

20.1 

32.25 

3.0 

0 

0 

42. 

46.2 

2  days. 

1,758,000 

Oct.  23 

Filter 

effluent.... 

56.4 

U). 

iO.O 

1.0 

J. 5 

0 

35.5 

12.1 

10  days. 

Oct.  28 

Haw 

sewaL'C 

138. » 

2S. 

41. 

4.5 

0 

0 

78.5 

75. 

i  day. 

Oct.  28 

Tank 

ettluent 

74.2 

18.3 

31.5 

3.0 

0 

0 

39. 

38. 

IJ  days. 

1,885,000 

Oct.  28 

Filler 

ettluent.... 

42.3 

12. 

18.5 

0.75 

0.5 

0 

31.5 

13. 

9.5  days. 
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FlGUKK   l(j. — CoMl'AUISON    OF    SeWACIF,    AM)    EFFLUENTS     AT     AIaDISON,      \ViS. 


nionia.  This  is  an  inorganic  substance  and  in  every  way  harm- 
less, but  it  is  not  a  stable  compound,  when  turned  into  a  stream. 
The  loss  of  albuminal  ammonia  is  caused  by  the  decomposition 
of  org-anic  compounds.  The  action  is  similar  to  digestion  or 
peptonization  or  conversion  into  a  soluble  form. 

In  passing  through  both  the  tank  and  the  filter  beds,  there 
was  a  reduction  of  70  per  cent,  of  the  solids  in  suspension,  38 
per  cent,  of  chlorine,  7-1.5  per  cent,  of  free  ammonia  and  84  per 
cent,  of  albuminoid  ammonia,  in  conij)arison  with  the  raw  sew- 
age. 

The  loss  of  solids  in  suspension  in  passing  through  the  filters 
was  caused  by  their  being  held  on  or  in  the  filter  beds.  The 
loss  in  chlorine  can  only  be  accounted  for  as  changing  into 
chlorates  through  aeration  of  the  effluent.  The  albuminoid  am- 
monia was  broken  up  into  gases  and  water.  The  free  ammonia 
was  oxidized  into  carbon  dioxide  and  water,  by  the  nitrifying 
bacteria  in  the  filter  bed. 

In  connection  with  the  chemical  analysis  of  the  effluents,  there 
was  also  carried  out  the  putrescibility  test  by  the  methylene 
blue  method.  In  Figiire  37,  the  putrescibility  tests  of  the  effhi- 
ents  of  the  ]\Iadison  plant  have  been  plotted  to  scale.  The  ef- 
fects of  the  seasons  upon  the  degree  of  purification  is  very  well 
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P''lGrRE    17.— PUTRKSCIBILITY    TeSTS    AT    ^IaDISON,   WiS. 

illustrated  here.  There  was  a  decrease  in  the  stability  of  the 
effluents  from  the  tank  commencing  with  the  last  of  November 
and  lasting  to  I\Iay.  Then  there  was  a  decided  increase  during 
the  warm  weather,  until  in  August,  before  the  tanks  were 
cleaned,  and  then  there  was  a  decrease  until  the  tanks  were 
started  again. 

The  filter  beds  were  not  used  from  Januarj^  to  April.  The 
effluent  from  the  septic  tanks,  when  the  beds  are  not  in  use,  is 
turned  into  the  Yahara  River  which  flows  into  Lake  ^Monona. 
When  the  filter  beds  are  used,  the  effluent  is  much  better. 


Plant   at   IVIendotv   Hospital 

Besides  studying  the  mimicipal  plant  at  Madison,  several  in- 
stitutional plants  have  been  investigated.  A  good  example  of 
an  institutional  plant  is  the  one  at  ^lendota  Hospital,  Mendota, 
Wis. 

When  the  study  of  this  plant  was  begun  in  October.  1907,  the 
septic  tank  had  not  been  cleaned  for  two  years  or  more.  The 
scum  was  so  hard  that  it  had  to  be  cut  out  with  an  ax. 

In  Table  No.  5  of  analyses  of  the  sewage  and  effluents  of  the 
Mendota  plant,  can  be  seen  the  variation  in  the  degree  of  puri- 
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TAULK   NO.   5. 
Analyses   ok,  Sewagk   and   Effluents   at    the     Mendota    Hospital 
Plant,  Mendota,  Wisconsin. 
Quantities  are  parts  per  million. 


Solids  in 

o 

o 

•_ 

suspension. 

s 

5 

Date. 

Sample. 

7i 

£ 

■f 

r  £ 

5 

Putresci- 

bility 

"S 

oj  ci 

.  cS 

•r- 

ji 

5  E 

'- 

te.st. 

a-'" 

^  *^ 

^ 

^ 

•'.  — 

.^ 

o 

K  r. 

H 

^ 

^ 

< 

r, 

15 

o 

^ 

1907 

Oc  .  12.. 

Raw  sewaffe 

i:;0.0 

26.0 

42.5 

8.6 

0 

0 

60.0 

101. 0 

7  hours. 

Oct.  12.. 

Tank  emueiil.. 

81.0 

14.0 

29.75 

6.5 

0 

0 

40.0 

62.0 

lidays. 

Oct.  12.. 

Filler  emueiit.. 

38.0 

12.0 

14.0 

3.0 

0.6 

trace 

15.0 

49.0 

3  da.vs. 

Oct.  1(5.. 

liaw  sewatre 

12-t.O 

21.0 

23.0 

8.75 

0 

0 

68.0 

89.2 

7  hours. 

Oct.  16.. 

Tank  eftiuent... 

71.0 

17.5 

25.0 

4.25 

0 

0 

48.0 

59.4 

3  day.. 

Oct.  K.. 

Filter  eHluent.. 

51.0 

10.0 

21.0 

2.0 

trace 

trace 

18.0 

4(5.0 

4  days. 

Oct.  22.. 

Raw  sewage 

129.2 

28.1 

15.5 

4.0 

0 

0 

65.0 

91.0 

6  hours. 

Oct.  22.. 

Tank  ertiuent... 

106.5 

25.0 

29.5 

6.5 

0 

0 

68.1 

81.0 

lidays. 

Oct.  22.. 

niter  effluent.. 

34.0 

11.0 

12.25 

5.0 

2.0 

3.0 

39.0 

52.0 

4  days. 

Oct.  20.. 

Raw  sewatire 

12U.0 

29.0 

28.4 

8.1 

0 

0 

65.0 

95.0 

6  hours. 

Oct.  2li.. 

Tank  effluent.. 

98.0 

27.1 

30.3 

10.2 

0 

0 

69.9 

71.0 

lidays. 

Oct.  26.. 

Filter  effluent.. 

61.0 

15.0 

18.0 

3.5 

0.8 

1.0 

18.0 

54.0 

3  days. 

Oct.  31.. 

Raw  sewatre 

128.5 

30.0 

35.4 

9.0 

0 

0 

61.0 

88.4 

6  hours. 

Oct.  31.. 

Tank  effluent... 

79.2 

16.2 

30.2 

4.5 

0 

0 

42.0 

69.0 

lidays. 

Oct.  31.. 

Filter  effluent.. 

48.5 

14.1 

16.0 

3.8 

0.6 

0.9 

17.0 

49.0 

2i  days. 

Nov.  19.. 

Raw  sewatre 

132.0 

32.0 

18.4 

10.6 

0 

0 

72.0 

88.0 

8  hours. 

Nov.  19.. 

Tank  effluent... 

61.0 

19.0 

14.6 

9.0 

0 

0 

41.0 

54.0 

li  days. 

Nov.  19.. 

Filter  effluent. . 

35.0 

12.0 

10.0 

3.0 

2.0 

2.8 

20.0 

42.0 

6  days. 

Nov.  23.. 

Raw  sewag'e 

140.0 

31.0 

20.1 

6.0 

0 

0 

61.0 

82.0 

6  hours. 

Nov.  23. . 

Tank  effluent... 

60.0 

17.5 

12.1 

11.7 

0 

0 

32.0 

65.0 

2  days. 

Nov.  23. . 

Filter  effluent.. 

32.0 

12.0 

9.0 

8.0 

1.5 

2.0 

12.0 

39.0 

51  days. 

Nov.  26.. 

iiaw  .sewaye 

125.0 

27.1 

32.0 

9.25 

0 

0 

58.0 

65.0 

7i  hours. 

Nov.  26.. 

Tank  efflu -nt... 

71.0 

18.1 

25.0 

2.5 

0 

0 

36.0 

as. 5 

2i  days. 

Nov.  26.. 

I'"ilter  effluent.. 

38.0 

10.0 

10.1 

2.0 

2.5 

3.0 

10.0 

30.2 

6  days. 

Dec.    1.. 

Raw  sewatre 

129.5 

28.1 

39.0 

11.0 

0 

0 

61.0 

69.0 

6  hours. 

Dec.    1.. 

Tank  effluent... 

76.2 

19.0 

30.0 

3.0 

0 

0 

43.0 

45.0 

2*  days. 

Dec.    1.. 

Filter  effluent.. 

34.8 

11.5 

9.4 

1.8 

1.9 

3.1 

11.0 

32.0 

6i  days. 

Dec.    5.. 

Raw  sewaf^e-. 

132.0 

30.0 

35.0 

9.2 

0 

0 

68. 

86.0 

8  hours. 

Dec.    5.. 

Tank  effluent... 

65.0 

18.2 

26.0 

5.4 

0 

0 

32.0 

64.4 

2*  days. 

Dec.    5.. 

Filter  .'ffluent.. 

38.4 

12.1 

,18. 

3.2 

1.5 

3.0 

17.0 

49.24 

5  J  days. 

Dec.  12.. 

Raw  sewatre 

125.0 

32.0 

32.4 

10.6 

0 

71.0 

71.0 

7  hours. 

Dec.  12.. 

Tank  effluent... 

71.3 

19.2 

•.il.5 

4.2 

0 

0 

45.0 

.56.0 

3  da.vs. 

Dec.  12.. 

Filter  effluent. . 

56.0 

12.0 

U.3 

3.1 

0.9 

2.0 

19.5 

47.5 

4  days. 

Dec.  19.. 

Raw  sewaye 

126.0 

28.0 

32.0 

9.25 

0 

0 

72.0 

88.0 

7  hour.--. 

Dec.  19.. 

Tank  effluent... 

54.0 

16.5 

25.0 

3.6 

0 

0 

29.0 

61.0 

2  days. 

Dec.  19.. 

Filter  effluent.. 

25.0 

10.0 

10.0 

2.5 

1.8 

3.2 

14.0 

54.0 

5  day>. 

1908 

Apr.    2.. 

Raw  sewasre 

119.0 

27.0 

42.6 

9  2 

0 

0 

60.0 

88.2 

7*  houis. 

Apr.    2.. 

Tank  effluent  .. 

82.0 

15.0 

29.75 

J. 8 

0 

0 

42.0 

65.0 

31  days. 

Apr.    2.. 

Filter  effluent.. 

31.0 

13.5 

12.0 

3.5 

1.2 

1.8 

12. S 

54.0 

5i  days. 

May    7.. 

Raw  sewatre. .. . 

126.0 

29.5 

31.2 

12.0 

0 

0 

58.0 

76.0 

6  hours. 

May    7.. 

Tank  effluent... 

76.0 

16.4 

42.0 

10.1 

0 

0 

39.0 

58.0 

31  days. 

May    7.. 

Filter  eHluent.. 

35.0 

12.0 

15.0 

4.6 

1.5 

0.8 

13.0 

46.5 

6  days. 

.Uily    6.. 

Raw  sewage 

142.0 

32.1 

39.2 

10.1 

0 

0 

55.0 

71.0 

6  hours. 

July    6.. 

Tank  etliuenl... 

84.0 

21.0 

36.3 

6.1 

0 

0 

36.0 

56.0 

3  days. 

July    6 

Filter  effluent .. 

42.0 

14.5 

12.5 

3.6 

1.2 

0.9 

14.0 

44.0 

4i  days. 

Autr.  22.. 

Raw  sewage 

126.0 

25.0 

40.1 

10.2 

0 

0 

50.0 

76.0 

6}  hours. 

Au(j.  22.. 

Tank  effluent... 

71.0 

18.0 

36.2 

6  2 

0 

0 

32.0 

52.4 

4  (lays.^ 

Aufc'.  22.. 

Filter  effluent . . 

32.0 

12.5 

14.0 

4.0 

1.3 

1.0 

10.0 

3S.1 

10  days. 

19J9 

Jan.  2.i.. 

Raw  sewage.. 

132.0 

22.5 

25.0 

8.5 

0 

0 

6:^.2 

108.0 

5  hours. 

Jan.  2.J.. 

Tank  effluent.. . 

61.0 

14.24 

16.0 

4.5 

trace 

trace 

54.2 

86.0 

4  days. 

Jan.  25.. 

Filter  effluent.. 

20.0 

9.5 

6.0 

2.5 

1.5 

2.0 

7.6 

69.0 

14  days. 
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liratioii  fMiisrd  by  I  he  culd  \v(';i1licr  ;iii(l  by  1  lit'  ('lr;iiiiii<i'  of  the 
tanks.  One  lank  was  clcaiii'd  in  N(i\  iiiilicr,  1!JU7,  and  the  other 
in  August,  ]I)U8.  in  t-old  weather  tlie  purifying  action  is  not 
nearly  so  rapid,  consequently  the  degree  of  purification  is  not 
as  high  as  it  is  in  warm  weathei'.  in  tlic  fall,  just  before  the 
tank  was  cleaned,  the  degree  of  puritication  was  very  low.  This 
is  very  well  illustrated  in  Figure  18  in  the  i)utrescibility  tests. 
In  the  Mendota  Hospital  plant,  the  purification  of  the  sewage 
was  effected  by  means  of  septic  tanks  and  filter  beds,  as  de- 
scribed on  page  27. 

Plant  at  National  Soldiers'  Home 

The  plant  at  the  National  Soldiers'  Home,  ^Milwaukee,  Wis- 
consin, is  of  interest  on  account  of  the  use  of  filter  beds  alone. 
In.  Table  6.  can  be  seen  the  analyses  of  the  raw  sewage  and  the 
effluent  from  the  filter  beds  of  this  plant.  The  effluent  shows 
up  very  well.  Generally  a  reduction  of  60  to  75  per  cent,  of 
organic  matter  is  obtained,  which  is  pretty  good  since  no  pre- 
paratorv"  treatment  is  used.  In  every  case  of  samples  from  this 
plant  that  were  examined,  the  effluent  w-as  a  non-putrescible 
one.  It  has  veiy  little  odor,  more  of  an  earthy  one.  and  very- 
little  sediment  matter. 

Plant  at  the  Allis-Chalmers  Shops 

The  disposal  plant  at  the  Allis-Chalmers  Shops,  at  West  Allis, 
Wisconsin,  is  interesting  as  the  effluent  is  used  again  in  the  shops 
for  sanitary  purposes,  boilers,  and  for  w-ashing  after  being  puri- 
fied. Such  use  has  an  advantage  in  that  the  purified  sewage 
is  not  nearly  so  hard  as  the  city  water  is,  and  therefore  they 
are  not  bothered  much  with  boiler  scale.  The  plant  is  described 
on  page  30. 

The  examination  shows  that  there  is  a  purification  of  75  to  80 
per  cent,  in  the  septic  tank  and  5  to  10  per  cent,  further  purifi- 
cation in  the  anaerobic  filter.  The  most  that  the  anaerobic 
filter  seems  to  do  is  to  remove  part  of  the  solids,  both  those  in 
suspension  and  those  in  solution  in  the  sewage.  In  the  effluent 
from  the  trickling  filter,  there  is  secured  a  great  improvement. 
The  degree  of  purification  effected  hy  the  entire  plant  does  not 
vary  a  great  deal,  but  runs  as  high  as  94  per  cent,  sometimes. 
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FiGUUK   18.— PlTRESCIBILIiV    TksT.S      AT    MkNDOT.V.    WiS. 


TABLE  NO.   0. 

Anaiases   of    Sewage    axd  Effluents   at   the   National    Soldiers' 

Home  Plant,  Milwaukee,  Wisconsin. 

Quantities  are  parts  per  million. 


Solids  in 

ci 

c 

5 

suspension. 

r* 

B 

si 

Dale. 

Sample. 

o 

0)  s 

T. 

Is 

dj 

Putresci- 

"5 

iD 

bility 
test. 

X 

0  s 

>>  y 

c^ 

^ 

^ 

< 

'/:. 

ic 

0 

O 

1908. 

Aug.   25. 

Raw  sewage 

129. 

31. 

39.5 

54.0 

0 

0 

65. 

92.5 

9   hours. 

Auff,    25. 

Filter  ettiuent... 

71.2 

18. 

1.5 

11.5 

0 

0 

49.8 

69.2 

4   day.s. 

Sept.    10. 

Raw  .sewage 

130.5 

2S. 

40.2 

48.2 

0 

0 

72.0 

85.4 

8   hours. 

Sept.    10. 

Filter  effluent... 

49.2 

15. 

3.5 

12.2 

trace 

trace 

45.0 

55.2 

4   da.vs. 

Sept.    17. 

Raw  .sewage 

125. 

27. 

36.4 

48.3 

0 

0 

60.8 

82.5 

7   hours. 

Sept.   17. 

Filter  effluent... 

39.5 

14. 

8.1 

10.1 

0.2 

0.5 

40.5 

61. 

3*  da.vs. 

Oct.       1. 

Raw  sewage 

128. 

26. 

60.5 

32. 

0 

0 

68. 

71.6 

6    hours. 

Oct.       1 . 

Filter  effluent... 

25.1 

12. 

15. 

10. 

0.5 

0.8 

42. 

54 

4   days. 

Oct.     14. 

Raw  sewage 

125. 

28.  t> 

45.5 

35.0 

0 

0 

72.5 

76. 

7   hours. 

Oct.     14. 

Filter  effluent... 

35.0 

17.2 

12. 

10.5 

0.5 

0.7 

35. 

48. 

4*  days. 

Nov.      7. 

Raw  sewage 

140.        25.4 

38.1 

28.1 

0 

0 

61. 

69. 

8   hours. 

Nov.     7. 

Filter  effluent... 

32.3 

10  4 

8. 

7.4 

0.6 

1.0 

28. 

38. 

5   (lavs. 

Nov.    25. 

Raw  sewage 

VSb. 

29.0 

40. 

35.0 

0 

0 

68. 

71. 

8    hours. 

Nov.    25. 

Filter  effluent... 

Raw  Sewage 

Filter  effluent... 

28. 

9.0 

6. 

8.2 

1.0 

1.5 

27.7 

32.2 

5   days. 

Averatre 

130.5 
40. 

26.42 
13.62 

43. 

7.7 

40.08 
9.9 

66.7 

38.8 

78.2 
51.0 

Average 

4 J  days. 

103 
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The  trickling  lillci-  represents  the  latest  method  of  sewage  puri- 
fication. In  Table  No.  7  will  be  found  some  analyses  of  the 
sewage  and  the  various  effluents.  During  the  period  over  which 
the  iiivestiuations  extended,  this  jilant  has  been  handling  only 
one-third  to  one-half  of  the  (luantity  of  sewage  for  which  it  was 
designed,  owing  to  the  shops  being  operated  with  a  small  force 
on  account  of  the  prevailing  business  depression. 

The  sewage  at  this  plant  consists,  for  the  most  part,  of  closet 
wastes,  wash  water  from  toilet  rooms  and  some  grease  and 
oil.  The  grease  and  oil  is  skimmed  off  and  does  not  run  into 
the  septic  tank.  The  sewage  is  weaker  than  an  ordinary  city 
sewage. 

TABLE  NO.  7. 

Analyses   of  Sewage  and  Effluents  at  the  xVllis-Chalmers  Plant 
Milwaukee,  Wisconsin. 

Quantities  are  in  parts  per  million. 


1908, 

Sample. 

Solids  in 
suspen- 
sion. 

E 
B 

o 
?■ 

fa 

.2 
o 
S 

s 

< 

22.5 
16.0 

1.2 

0.4 
21.0 
18. 

1.7 

0.7 
23.5 
15.0 

1.3 

0.5 
23.8 
15.0 

1.8 

0.6 

25.0 
14.8 

1.5 

0.5 

6 

Nitrates. 

3 
o   • 

ss 

tl  s 
>.  3 
X  CO 

o 

a 
S 
o 

—  a; 

.  Date. 

o 

a; 
_x 

20. 
12. 

6. 

2l;i 

12.0 

7.0 

3.0 
25.0 
11.6 

5  0 

3  5 
25. 
10. 

6. 

4. 

20.0 
10.1 

5. 

3. 

o 

June  18. 
June  18. 
June  18. 

June  18. 

Aug.     7. 
Aug.     7. 
Aug.     7. 

Aug.       7 

Oct.       10 
Oct.       10 
Oct.      10 

Oct.      10 

Nov.     20 
Nov\     20 
Nov.     20 

Nov.     20 

1909. 
Jan.     28. 
Jan.     28. 
Jan.    28. 

Jan.    28. 

Raw  sewage 

Tank  effluent  ... 
Anaero'  ic    filter 

effluent  

Trickling  filter 

efflu  nt 

Raw  sewage 

Tank  effluent  . . . 
Anaerobic    filter 

effluent 

Trickling  filter 

effluent 

Raw  sewage 

Tank  effluent  ... 
Anaerobic    filter 

effluent 

Trickling  filter 

effluent 

Itaw  sewage. 
Tank  effluent  . . . 
.\naerobic   fil  er 

effluent 

Trickling  filter 

effluent 

Raw  sewage 

Tank  efflnen    ... 
Anaerol)ic    filter 

effluent 
Trickling  filter 

effluent 

1.50. 

28. 

18. 

12. 
142. 
25.6 

10.5 

11.5 
144.0 
28.5 

17.8 

10.2 
145. 
29.2 

16.9 

11.1 

150.2 
30.5 

15. 

8. 

25. 
33. 

7.2 

8.8 
25.0 
36.5 

9.6 

9.4 
26.3 
31.0 

8.1 

7.0 
28.5 
33.2 

7.1 

5.2 

29.8 
34.6 

8.1 

5.5 

0 
0 

1.0 

1.5 

0 
trace 

1.5 

2.0 

S 

1.2 

1.9 

0 

0 

0.9 

2. 

0 
trace 

1.0 

1.5 

0 
0 

0.5 

1.0 
0 
trace 

1.0 

3.0 

0 

0 

1.6 

2.5 

0 
0 

0.8 

3  2 

0 
0 

1.2 

3.0 

48.4 
45.. 

40. 

21. 

46.6 

44. 

38.9 

99 

50^2 
46.0 

39. 

18. 

70.8 

61. 

48. 

16. 

67. 

58. 

40. 
20. 

100. 

28. 

25. 

25. 
110.0 
30. 

28.0 

24.0 
105. 
30. 

25. 

99 

109 ; 

35. 

26. 

21. 

112.0 
30.0 

22.5 

20.0 

5  hours 
3i  days 

5  days 

10  days 

10  hours 
8  days 

10  days 

12  days 

11  hours 
5  days 

8  days 

10  days 

8  hours 
4  days 

8  days 
12  days 

9  hours 
4  days 

9  days 
14  days 

3.2 

4.0 

9.0 

12.8 
3.2 
5.0 

10.0 

14.8 
3.6 
6.0 

11.0 

15.2 
4.0 
5.1 

9.6 

16.0 

3.8 

4.8 

9.1 
14.9 
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METHODS    Ol'    SA.Ml'LlXd    AM)    ANALYSIS 

The  saiiipli's  wd'c  aiuily/cd  as  soon  as  llicy  were  received  at 
the  lahoratoiA'.  Samples  were  eolleded  ;it  the  same  time  each 
day. 

Cldoroform  was  used  as  the  preservative.  The  standard 
methods  of  analysis  were  foHowed  throughout  witli  the  excep- 
tion of  the  oxy^cn-eonsunied  test,  which  was  iiiacU'  witli  the  cold 
process  with  ten  minutes  l)()ilin^-.  J^'oi-  the  |)utreseibility  test, 
the  sewaiZ'e  was  ineuliated  at  87°   C.   t'oi-   I'oui-  days. 

The  work  on  the  Wisconsin  ])huits,  just  discussed,  shows  that 
they  are  capable  of  rendering  a  satisfactory  decree  of  purifica- 
tion of  the  sewage  reaching  tliem.  except  (hiring  the  cold  season, 
provided  a  reasonable  amount  of  intelligent  care  is  given  to 
them.  No  data  are  available  as  to  what  quality  of  effluent  the 
filters  would  produce  during  the  wintei'.  owing  to  tlie  custom, 
prevalent  at  practically  all  of  these  phuits,  of  ch)sing  down  the 
filters  in.  the  winter. 

In  order  to  make  a  comparison  of  the  merits  of  the  various 
devices  and  types  of  plants  in  use  in  the  state,  it  is  necessary 
that  they  should  be  operated  under  practically  similar  condi- 
tions and  that  they  be  given  equal  amoiuits  of  care.  To  make 
such  a  comparison  possible,  the  discussion  of  methods  of  opera- 
tion, given  in  this  bulletin,  has  been  i)repared  in  the  hope  that 
it  would  promote  more  thorough  and  uniform  care  of  the  plants, 
and  that  in  some  instances  an  attempt  would  be  nuide  to  oper- 
ate the  plants  through  the  winter  by  some  of  the  methods  sug- 
gested. If  such  a  result  is  attained,  this  investigation  could 
profitably  be  renewed  and  carried  on  more  tlioroughly  and  on 
a  larger  scale. 
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THSTS  OX  BOND  P>ETWEEN  CONCRETE  AND  STEEL 
IN  REINEORCED  CONCRETE  BEAMS 


I.     INTRODUCTION 


Since  an  adequate  bond  between  eonerete  and  embedded  steel 
has  long  been  a  recognized  necessity  in  reinforced  concrete  con- 
struction, many  experiments  have  been  made  to  establish  safe 
working  values.  Such  tests  on  bond  have  generally  been  made 
by  embedding  a  rod  in  a  block  of  concrete  and  pulling  it  out  in 
a  testing  machine.  In  most  tests  this  ha.s  been  done  in  such 
a  way  that  the  concrete  surroiuiding  the  rod  ha.s  been  com- 
pressed. While  the  results  of  such  tests  made  by  one  experi- 
menter frequently  agree  fairly  well  among  themselves,  there  is 
a  wide  variation  among  the  results  as  a  whole.  This  variation, 
and  the  belief  that  other  conditions  than  those  ordinarily  en- 
countered in  beams  or  slabs  influenced  the  results  obtained  from 
the  cylinder  tests,  were  the  incentives  for  making  the  tests  on 
bond  in  beams  recorded  in  this  bulletin. 

Furthermore,  in  view  of  the  claim  advanced  by  some  advocates 
of  deformed  bars  that  repeated  loading  would  destroy  the  bond 
betw^een  concrete  and  steel,  it  was  decided  t«  make  some  tests 
of  this  nature  on  beams  containing  plain  and  deformed  bars. 

In  what  follows  the  word  "static"  is  frequently  used  in  con- 
nection with  beams  progressively  tested  to  faihu'c  imder  loads 
gradually  applied,  and  the  word  "repeated"  occurs  in  connec- 
tion with  those  beams  subjected  to  repeated  loadings. 

The  tests  may  be  divided  into  two  parts, — static  tests,  in 
which  plain  round  rods  were  used,  and  repeated  tests,  in  which 
plain  round,  rusted  roniid  and  corrugated  bars  were  employed. 

The  larger  jiortion  of  the  static  tests  was  made  as  a  thesis  bv 

[413] 


8 


mi.I.KTlN    OF    TIIK    UNIVKUSITV    OF    WISCONSIN 


A.  B.  Carpy,  S.  L.  Clark  and  P.  B.  Johnson  of  the  class  of  1907, 
to  wliom  due  acknowledgiiient  is  hereby  made.  The  repeated 
tests  were  verv^  efficiently  conducted  by  J.  0.  Reed  and  S.  J. 
Williams  of  the  class  of  1908.  To  their  careful  work  and 
thouy;ht  the  success  of  these  tests  is  due.  They  are  also  deserv- 
ing of  credit  for  an  exceptionally  well  written  report,  recording 
their  results  and  conclusions.  The  air  cylinder  and  rotating 
valve  were  designed  by  II.  F.  Moore,  formerly  assistant  pro- 
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II.     MATERIALS 

Cement.  Atlas  Portland  cement  from  Missouri  was  used  in 
all  tests.  Table  I  is  a  record  of  strength  tests  made  on  the 
cement  used  in  the  static  bond  tests.  The  time  of  initial  set 
was  45  minutes,  and  the  time  of  fkial  set  5  hours  and  40  min- 
utes.    The  cement  also  passed  the  standard  soundness  test. 

Sand.  The  sand  employed  in  these  tests  was  a  rather  fine 
local  bank  sand  and  contained  about  3  per  cent,  of  fine  dirt. 
Table  II  contains  the  results  of  the  mechanical  analysis  made. 


TABLE  I. 
Tensile  Strength  of  Atlas  Cement  Used  in  St.\tic  Bond  Tests 


BlliyUETT 

Number. 

Ultimate  Strength  lbs/in" 

Atre" 

days. 

Age  28  days. 

Neat. 

1:3 
Moitar. 

1            1-3 
^>^'-                 Mortar. 

1        

500 
545 
5t50 

1;V)                        4i;o                        300 

1!H)           ,             :s.')           1             345 

.1 

245 
225 

540            1              240 

4 

900            i              350 

Averatre 

1 

529 

204 

659                         309 

TABLE  IL 
Analysis  of  S.\nd. 

Per  cent  voids=i}7.5. 
Weight  per  cu.  ft. =103  lbs. 


Sieve  No. 

Diameter 
of  mesh. 
Inches. 

Per  cent 
passing. 

6  ..     .                                                          

.131 

.073 

.042 

.034 

.022 

.015 

.011 

.0078 

.OU45 

100 

10 .     .              

97.4 

16 

91 

20  . . .                                                                  

88 

30 

75.4 

41 

58.4 

50 

31.6 

74 

15.5 

100 

8.S 
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Stone.  Crushed  limestone  from  Kankakee,  Illinois,  was 
used  in  the  static  bond  tests.  Its  mechanical  analysis  is  given 
in  Table  III.  A  local  bank  gravel  was  obtained  for  beams  19 
and  20  of  this  series,  all  particles  less  than  0.2  inches  in  diameter 
being  screened  out.  It  weighed  105  pounds  per  cubic  foot  and 
contained  doVi  per  cent,  voids. 

In  the  repeated  bond  tests,  the  stone  was  a  crushed  limestone 
obtained  from  a  local  quarry.  The  mechanical  analysis  of  this 
stone  will  be  found  in  Table  III  A. 

Steel.  The  plain  round  rods  used  in  all  tests  were  purchased 
from  a  local  firm.  Except  as  noted  below,  all  bars  were  free 
from  loose  scales  and  rust.  Care  was  taken  to  remove  all  lips 
at  the  ends  of  the  bars,  due  to  the  rod  cutter,  which  might  affect 


TABLE  III. 

Analysis  of  Kankakee  Limestone  Used  in  Static  Bond  Tests. 

Per  cent  voids^-18.5 
Weight  per  cu.  ft.=83  lbs. 


Diameter  of  Mesh 
ins. 

Amount 

retained 

bs. 

Per  cent, 
passing-. 

1 

0 

2.00 
27.25 
9.00 
1.06 
0.44 

100 

3                               .           

95 

i 

26.4 

.2 

3.8 

034.      .                         

l.I 

Dust 

TABLE  Ilia. 

Analysis  of  Local  Limestone  Used  in  Repeated  Bond  Tests 

Per  cent  voids  =  49. 3. 
Weight  per  cu.  ft.  =83  lbs. 


Diameter  of  Mesh 
ins. 


1 

i 
i 
i 


Amount 

retained 

lbs. 


1.0 
2.5 
20.75 
12.25 
5.5 


Per  cent 
passing 


97.6 
91.6 
42.2 
13.0 
0.0 
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the  bond.  Nine  iiiontlis'  exposure  to  the  weather  had  created 
a  firm  coating  of  hard  rust  on  the  rusted  plain  round  rods.  Be- 
fore these  were  placed  in  the  beams,  they  were  tapped  sharply 
with  a  hammer  to  remove  any  loose  scales.  The  "new  style" 
corrugated  bars  were  donated  by  the  Expanded  Metal  and  Cor- 
rugated Bar  Company  of  St.  Louis.  Table  IV  contains  re- 
sults of  tensile  tests  made  on  the  steel  used.  Values  above  the 
black  line  are  for  specimens  from  rods  used  in  the  static  bond 
tests  while  values  below  the  line  are  for  those  used  in  the  re- 
peated bond  tests.  The  latter  values  were  obtained  from  speci- 
mens cut  from  the  ends  of  the  rods  used  in  the  beam  tests. 

TABLE  IV.  ; 

Tension  Tests  of  Steel. 


I 

Size  of  bar 
inches. 

Kind. 

Stress  at 

yield  point 

lbs/ins^ 

Ultimate 
strength 
lb.s/in^  2 

Modulus  of 
elasticity 
lbs  /ins  2 

Percentage 
elongation 
in  8  inches. 

1 

Plain  round. 
Plain  round, 
l^lain  round. 
I'lain  round. 
Plain  round. 
Plain  round. 

4ti.000 
44.000 
40.000 
42.000 
44.000 
41.300 

02,  (500 
04,9(X) 

08,  mo 

04. 000 
01.000 
00.100 

31,  two,  000 
30,700,000 
30, 0(H),  000 
29..3(X),000 
29. 400. 000 
*2S,0ti0.000 

26.1 

i 

28.1 

i 

3 

28.1 

1 

25.4 

1 

29.8 

i 

Plain  round. 
Plain  round. 
I'lain  round. 
Corrugated . . 
Corrugated . . 
Corrugated  . . 
(jOrrugated  .. 

Rusted 

Plain  round. 
Plain  round. 

40.000 
39.000 
39,500 
43.000 
42.000 
42. 500 
42.500 
33,500 
34.000 
33,750 

30.000.000 
.30.000.000 
30.000,000 
29,600.000 
28.200.000 
27.400.000 
28.400.000 
28.000.000 
28,0Ot),0(H) 
28,000,000 

i 

59,  .300 
59,300 
70, 800 
75. 840 
78.800 
77,150 
54,100 
49,700 
51,900 

19.5 

Averat?e 

19.5 
10.1 

i 

12.5 

i 

16.4 

Average 

i 

13.0 
13.2 

* 

.\verage 

9.4 
11.3 

*Average  of  tests  on  three  bars  used  in  beams  65.  66  and  67. 


Concrete.  In  making  concrete,  materials  were  proportioned 
by  volumes,  measured  loose,  one  hundred  poimds  per  cubic  foot 
being  assumed  as  the  specific  weight  of  cement.  Quantities  re- 
quired were  weighed.  Concrete  for  beams  1  to  49  was  mixed 
by  hand  on  the  cement  floor  in  the  laboratory.  The  cement 
and  sand  were  mixed  dry  until  the  mass  was  uniform  in  color. 
This  mixture  was  shovelled  upon  the  wetted  stone  and  turned 
four  times.  Water  was  tlien  added  and  the  whole  mass  turned 
until   the   desired   consistency   obtained   throughout   the    batch. 
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All  other  beams  were  mixed  in  a  No.  0  Smith  batch  mixer.  The 
time  allotted  to  mixing  a  batch  by  machine  was  about  tliree 
minutes.  Three  consistencies  were  used  in  beams  23  to  31,  wet, 
medium,  and  dry.  The  wet  concrete  was  sloppy,  could  not  be 
piled  up  on  the  mixing  floor,  and  w'hen  placed  in  the  molds 
showed  an  excess  of  water  on  top.  The  medium  concrete,  when 
piled  on  the  floor,  would  flatten  out,  could  be  readily  worked 
around  the  reinforcement  without  much  tamping  and  easily 
surfaced  with  a  trowel.  The  dry  concrete  was  very  mealy, 
would  stand  piled  up  on  the  floor,  required  hard  tamping  and 
could  not  be  readily  surfaced  with  a  trowel.  The  medium  con- 
sistency was  used  in  all  other  beams  subjected  to  static  loads. 
The  beams  tested  under  repeated  loads  were  made  of  a  consist- 
ency slightly  drier  than  the  medium  mentioned  above. 
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111.      Sl'KCl.MKNS 
M  A  KING CURING APPARATUS 

Bca))i,s.  Fifty-four  beams  were  made  for  llie  static  bond 
tests.  Those  made  from  the  same  batch  of  concrete  are  ar- 
ranged in  groups  in  Table  V.  For  the  repeated  bond  tests,  thir- 
ty-one beams  were  made.  In  Tables  XIV,  XV,  XVI,  and 
XVII,  referring  to  these  tests,  the  letter  before  the  number  in- 
dicates the  batch  from  which  the  beam  was  made. 

The  general  arrangement  of  reinforcement  in  these  beams  is 
shown  in  Figure  1.  As  may  be  seen  in  the  figure,  they  were  so 
made  that  the  central  portion  of  the  lower  rod.  whose  bond  was 
to  be  obtained,  was  exposed.  Two  ••/s-inch  round  rods  were 
placed  above  the  lower  rod,  as  shown  in  the  figure,  to  distribute 
the  tension  cracks  and  prevent  failuie  in  the  concrete  before  the 
lower  rod  slipped. 

TAHI.K  V. 
Data  on  Specimens  Made  for  Static  Bond  Tests. 


Beam  No. 

Mix. 

Consistency.   ,^JJi,;;;<; 

Age. 

Variable 
studied. 

Kind  of 
au.xiliary 
specimens. 

1-  2 

1:2:4 

JNIedium.     i          S 

7  da. 

Time. 

(^ompr  ssion. 

4-  5-  6 

i 

28    ■• 

7-  8-  9 

i 

60    '■ 

10-11-12 

S 

6  mos. 

7-  H-  it 

i 

iK)  da. 

Mix. 

17-l,s 

1:3:6 

* ' 

8 

*i;"-2() 

1:2:4 

i 

21-22 

1:2* 

i 

2:1-24-25 

1:2:4 

Wet. 
Medium. 

Dry. 
Medium. 

Consistency. 
Metliod  of  test 

2(;-27-28 

29-30-31 

:w-.37 

Bond. 

;is-:ii)-4o 

i 

Size  of  roils 

41-42  43 

J 

44-4:)-4t) 

ii 

47-48-49 

' ' 

1 

54-55-56-57 

'  • 

' ' 

i 

28  da. 

Time  and 

I'omnression. 

loadinc. 

58-59-60-61 

i 

Loadintr. 

62-63-64 

i 

29  da. 

Loading. 

Bond  and 
Compn'ssion. 

65-66-67 

1 

58  da. 

Si/.e  of  rods 
and  loadintr. 

Bond  and 
Compression. 

In  19  and  20  f,'ravel  was  used  in  place  of  limestone. 
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Borid  rod 


(a) 
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Qenero/ ^rrongemerrf  cf /fpparafus  ^  Shrfic  Bond  Tests. 


Figure  1.- 


(h) 
Elxfensometer  Used 

-Method  of  Reinforcing  Beams  and  Extensometer  Used. 


Table  V  contains  data  on  the  beams  made  for  the  static  tests. 
The  dimensions,  position  of  reinforcement,  etc.,  are  shown  in 
Figure  2.  The  beams  made  for  the  repeated  bond  tests  w^ere  all 
5  feet  6  inches  long,  6  inches  wide,  and  6  inches  deep.  The 
length  of  embedment  of  the  lower  bar  was,  in  all  cases,  practi- 
cally 10  inches  at  either  end.  Figure  2a  shows  arrangement  of 
reinforcement  and  dimensions  of  these  beams. 

Auxiliary  Specimens.  Compression  specimens  were  fabricated 
from  nearly  every  batch  of  concrete.  With  the  beams  for  static 
bond  tests,  either  4-inch  cubes  or  cylinders  6  inches  in  diameter 
and  18  inches  long  were  made.  Cylinders  10  inches  in  diameter 
and  24  inches  long  were  east  with  bond  beams  used  for  the  re- 
peated tests. 

Bond  cylinders  6  inches  in  diameter  and  18  inches  long  were 
also  made  from  many  of  the  batches  of  concrete.  In  each  of 
these  a  rod  was  embedded  with  its  iaxis  coinciding  with  that  of 
the  cylinder.  The  length  of  embedment  was  12  inches  in  those 
made  with  the  beams  for  the  static  tests,  except  for  the  cylinders 
made  with  beams  65,  66,  and  67,  where  the  length  of  embedment 
was  18  inches.  In  all  bond  cylinders  made  with  beams  for  the 
repeated  tests,  the  length  of  embedment  was  10  inches.  Figure 
3a  shows  type  of  bond  cylinder  used. 

[420] 


WITHEY— BOND    BETWEEN    CONCRETE    AND    STEEL 


15 


J-6 

-re—^ 


-^3%-10-^ 3-4- 


-^l&—*'3 


60 

(a) 
£eam3  I-  57 


!>•  I «• 


-/(5- 


50 


-^ /d- ^  f6'-\^ 


-J3I — /5— 1- 
U 


^0    

5-6' 

(b) 
jBeams  62  64 


J. — /s'-^iV- 


s>M^ 


3!' 


-J8- 


-51 


t!^^ 


5-0- 

6'-8" 


— f-  yd  — 


1     -^1 
lQ3 


-J<S" 


v5-e 


-Jd' 


^i^><70'5 


-e"-' 


-■52 


-J^- 
5-^" 


-4^ 


-v3-8- 


J 


^ff■^ 


/'or; 

^«7;775  65-67 

Figure  2 — Dimensions,  Position  ok  Reinforcement  and  Method 
OF  Loading  Beams. 
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Making.  Wooden  forms  were  used  in  making  beams  1  to  49 ; 
forms  composed  of  steel  channels  in  making  all  others.  Two 
notched  pieces  of  wood,  placed  transversely  with  respect  to  the 
axis  of  the  b(  am  and  on  the  bottom  of  the  form,  served  to  space 
the  lower  rod  and  provide  a  definite  limit  for  the  predetermined 
length  of  embedment.  Exposure  of  the  lower  rod  w'as  secured 
by  filling  in  between  the  wooden  pieces  with  a  layer  of  damp 
sand  of  sufficient  depth  to  cover  the  rod  about  Vl-  inch.  This 
was  thoroughly  compacted  and  smoothed  off  with  a  trowel  be- 
fore the  beam  was  cast.  Figure  4  shows  a  mold  ready  for  con- 
crete. 

Concrete  was  first  carefully  placed  around  the  exposed  por- 
tions of  the  lower  rod.  Then  a  thin  layer  was  spread  over  the 
whole  lengtli  of  the  beam  and  the  two  upper  rods  put  in  place. 
The  form  was  then  filled,  the  concrete  worked  with  a  trowel  and 
the  top  finished.  In  making  the  beams  of  drj^  consistency,  con- 
crete was  tamped  with  an  iron  tamping  bar. 

All  auxiliary  specimens  were  made  ih  cast  iron  or  steel  molds 
which  were  set  upon  leveled  steel  plates.  Concrete  was  deposited 
in  layers  4  to  6  inches  deep  and  puddled  with  a  steel  rod. 

Curing.  Beams,  and  corresponding  auxiliary  specimens,  1  to 
49  were  kept  in  the  molds  from  three  to  ten  days  after  mixing 
and  were  then  allowed  to  cure  in  the  air  of  the  laboratorv  with- 
out being  .sprinkled.  All  other  beams  were  kept  in  the  molds 
from  two  to  four  days,  generally  three  days,  and  were  then 
sprinkled  every  day  for  at  least  one  week,  after  which  they  were 
stored  in  the  laboratory  luitil  tested.  The  temperature  of  the 
Toom  in  which  the  beams  were  kept  varied  approximately  from 
60°  to  80°  F. 

Apparatus.  All  beams  were  tested  in  a  100,000-pound  Olsen 
hydraulic  transverse  testing  machine.  The  general  scheme  of 
loading  used  in  the  static  tests  is  shown  in  Plate  1.  The  posi- 
tions of  the  loads  and  reactions  for  the  different  beams  tested  are 
given  in  Figure  2.  Steel  bearing  plates  were  placed  on  the 
supports  and  under  the  loads  to  prevent  crushing  of  the  concrete. 

In  making  the  repeated  bond  tests,  2  inch  steel  rollers  were 
used  instead  of  knife  edges,  both  at  supports  and  at  loading 
points,  and  the  bearing  plates  were  set  in  plaster  of  paris.  Loads 
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(a)  (b) 

Bond   Cy  I  meters 
Figure  3.— Tyi'ks  ok  1>unu  Cylinders. 


FiGLRK  4. — Moi.i)  KOR  Beams. 
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were  tiJinsniitted  from  the  cross-head  of  the  machine  to  the  test 
specimen  through  a  (i-iiich  rail  wcipjhing  70  pounds  per  yard. 

A  dial  extensometer  was  used  in  all  tests  to  measure  elonga- 
tion of  the  lower  rod.  This  extensometer.  attached  to  a  rod,  is 
shown  in  Figure  lb.  The  relative  motion  of  part  A  of  the  ex- 
tensometer with  respect  to  part  B  was  transmitted  through  a 
No.  36  covered  copper  wire  attached  to  the  pin  p  and  carried 
around  the  idler  pulleys  s,  s,  s,  to  the  drum  of  the  dial  d.  The 
small  weight  w  hung  on  the  end  of  the  wire  served  to  keep  it 
taut.  The  dial  read  to  .0001  of  an  inch.  As  can  be  seen  from 
the  figure,  the  dial  recorded  twice  the  average  elongation  of  the 
specimen  in  the  given  gage  length.  The  gage  lengths  used  in 
testing  the  beams  for  static  tests  are  given  in  Table  VI.  In  the 
beams  for  repeated  tests,  a  30-inch  gage  length  was  employed. 

The  apparatus  used  in  making  the  repeated  tests  is  shown  in 
Plates  I  and  II.  Repeated  loadings  on  a  beam  were  obtained 
by  alternately  raising  and  lowering  the  right  support  in  Plate  I, 
while  the  cross-head  of  the  machine  was  held  fixed  in  position. 

To  accomplish  this,  a  steel  cylinder  fitted  mth  an  8-ineh 
ground  steel  plunger,  which  could  be  operated  by  compressed  air, 
was  rigidly  bolted  to  the  I-beams  of  the  testing  machine  as  shown. 
Air  was  furnished  by  a  compressor  equipped  with  a  large  storage 
tank  located  in  the  adjoining  steam  laboratory.  The  air  supply 
was  led  to  the  apparatus  through  75  feet  of  %-inch  pipe.  The 
intensity  of  pressure  in  the  pipe  line  w^as  indicated  by  means  of 
a  gage  shown  at  the  extreme  right,  Plate  I.  A  receiver  of  about 
14  cubic  feet  capacity  was  installed  close  to  the  cylinder  to 
maintain  a  constant  pressure  at  the  rotating  valve  which  served 
to  alternately  admit  and  release  air  to  and  from  the  cylinder. 
Th.is  valve  was  rotated  by  means  of  a  14  h.  p.  alternating  cur- 
rent motor  belted  to  it,  shown  at  the  left  in  both  plates.  A 
globe  valve,  placed  between  the  gage  and  receiver,  controlled  ad- 
mission of  air  to  the  apparatus.  An  ordinary  steam  indicator, 
with  its  drum  held  stationary,  showed  the  intensity  of  pressure 
in  the  cylinder.  Helmet  oil  proved  to  be  an  excellent  lubricant 
for  the  plunger.  It  was  not  easily  blown  out  by  the  air  pres- 
sure, and  was  an  aid  in  keeping  the  dust  out  of  the  cylinder. 
A  piece  of  blotting  paper,  placed  over  the  top  of  the  piston. 
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piwcntod  i);irlii'k's  of  grit  and  diit  from  (getting  in  between  the 
eyliuder  and  plimger. 

In  general,  the  appai-atus  worked  in  a  satisfactory  manner, 
although  some  trouble  was.  caused  by  the  sticking  of  the  rotating 
valve,  due  to  a  defect  in  construction  which  could  be  easily 
remedied  for  future  tests.  Calibrations  of  the  apparatus  were 
made  as  indicated  below.  Several  determinations  of  the  fric- 
tion between  plunger  and  cylinder  were  made  by  noting  scale 
beam  readings  on  the  weighing  head  and  the  corresponding  in- 
dicator reading  as  the  loads  on  the  beam  increased.  It  was 
foimd  that  about  5>4  lbs/in-  of  air  were  required  at  all  pressures 
to  overcome  friction,  weight  of  beam,  and  apparatus  upon  it. 
About  2  lbs/in-  of  this  amount  were  necessary  to  overcome  fric- 
tion alone. 


Mu^.  Pres 

Mm  Pres.                  ^^       „^ 

- — 

/  TSK ^ 

Figure  5. 


Pirr?e 
-CuRVK  Showing  Shape  of  Air  Pressure — Time  Curve. 


As  the  openings  in  the  rotating  A^alve  w-ere  too  small  to  com- 
pletely release  the  air  from  the  cylinder,  the  minimum  pressure 
was  always  above  that  of  the  atmosphere.  In  general  this 
minimum  pressure  was  about  one-fourth  the  maximum.  Figure 
5  shows  the  shape  of  the  pressure-time  curs^e.  This  was  obtained 
by  rotating  the  drum  of  the  indicator  at  constant  speed  while 
the  valve  was  running  at  100  r.  p.  m.  As  will  be  seen  from  the 
shape  of  this  curve,  the  load  was  very  suddenly  applied  and 
remained  practically  constant  in  amount  for  about  14  of  a 
revolution  or  .15  of  a  second.  It  was  also  found  that  the  deflec- 
tion of  the  end  of  the  beam  resting  on  the  plunger  was  practi- 
cally the  same  for  the  same  air  pressure  applied  statically  or  re- 
peated 100  times  per  minute.  This  shows  that  the  stress  in  the 
bond  rod  under  repeated  loadings  was  practically  the  same  as 
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it  woukl  ha\H'  been  it'  an  e(|uai  prcssuit'.  at  tliat  iiistaiil.  iiacl  bet'ii 
statically  applied.  This  is  of  importance  as  the  amount  of 
stress  in  the  bond  rod  when  the  beam  was  rei)eatedly  loaded 
was  determined  from  the  air  pressure-elongation  curve  of  a 
static  loading. 

All  small  compression  specimens  were  broken  in  a  100,000- 
pound  Riehle  universal  testino-  macliine.  The  lO-inch  cylinders 
were  crushed  in  the  600,000-pound  hytlraulic  macliine. 

All  bond  cylinders,  except  specimens  6,  7,  and  8  in  Table  XII, 
Avere  tested  in  a  50,000-pound  Olsen  universal  machine.  The 
latter  three  cylinders  were  tested  in  the  100,000-pouud  Rielile. 
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IV.     STATIC  BOND  TESTS 

The  (lain  (rii  s[)oc'iiiu'iis  made  for  the  static  bond  tests  are 
yiven  in  Table  V.     The  followinu-  subjects  were  studied: 

1.  etl'ect  of  age  on  bond; 

2.  bond  of  different  mixes; 

3.  effect  of  consistency  on   bond; 

4.  effect  of  size  of  rod  on  bond; 

5.  effect  of  various  methods  of  loading  on  bond  in  beams; 

6.  effect  of  various  methods  of  testing  on  bond  in  cylind- 

ers; 

7.  comparison  between  cylinder  and  beam  tests  on  bond. 
Method  of  tcstituj  aiul  vonwputation.     Beams  were  tested  by 

applying  loads,  as  shown  in  Figure  2,  in  increments  of  400  or 
500  pounds,  and  noting  the  corresponding  dial  readings.  As 
the  load  was  applied  tension  cracks  appeared  on  the  lower 
sides  of  the  beams  ])ut  were  prevented  from  spreading  and  caus- 
ing; failure  by  the  auxiliary  rods  placed  above  the  main  bar  as 
shown  in  the  figures.  All  failures  were  due  to  slipping  of  the 
lower  bar.  In  beam  65  diagonal  cracks  appeared  between  the 
points  of  loading  and  the  supports  but  did  not  develop  suffi- 
ciently to  cause  failure.  Slipping  of  the  rod  was  immediately 
indicated  by  a  backward  movement  of  the  pointer  on  the  dial 
and  by  the  dropping  of  small  particles  of  sand  and  concrete 
from  the  surface  of  the  rod  at  the  end  which  slipped.  After  the 
beam  had  failed  it  was  taken  out  and  the  concrete  removed  from 
the  rod  at  the  end  which  had  pulled  out  so  that  the  condition 
of  the  surface  of  the  rod  and  the  actual  length  of  embedment 
could  be  observed.  In  general  the  rods  had  full  surface  con- 
tact with  the  concrete  over  the  predetermined  length  of  embed- 
ment. Whenever  flaws  were  detected  allowance  was  made  in 
the  values  given  for  the  length  of  embedment  in  Table  VI. 

Curves  Avere  drawn  between  loads  as  ordinates  and  dial  read- 
ings as  abscissae.  From  the  shape  of  these  curves  an  estimate 
of  the  elongation  in  the  rod  due  to  the  weight  of  the  beam  and 
any  initial  load  was  made  and  values  of  these  zero  connections 
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TABI.K   VI. 


Results  of  Tests  on  Bond  Betwkkx  Conckktk  asd  Stkkl   in  Beams 
Statically  Loaded. 


Beam 

No. 

Gagre 
length  of 
extenso- 

nu'ter 
ins. 

T.enf^tli  of 

inil)tHl- 

ment 

ins. 

Load  at 

Max.  dial 

rt'udintr 

Ills. 

Zero  oor- 
re(;tion 
to  dial 

readiugs 
ins. 

Maximum 

increment 

in  dial 

reading 

ins. 

Stress  in 

steel 
lbs/in^ 

Bond 
lbs  'in» 

1 

2 

3 

4 

5 

6 

7 

8 

1 

36 

10 

4,000 

.0040 

.0287 

14.200 

222 

2 

10 

3, 4(X) 

.0045 

.(1267 

13.500 

211 

4 

113 

6, 800 

.0057 

.0472 

23.01  0 

305 

5 

98 

4,400 

.(X)68 

.0.375 

19.200 

312 

(i 

93 

•1,600 

.0055 

.02;i4 

12.9  0 

207 

7 

8 

4.800 

.0050 

.0378 

18.  .500 

362 

8 

10 

4.200 

.00t)9 

.0321 

16,9()i) 

264 

1) 

85 

4.000 

.0055 

.0202 

11.100 

201 

10 

10 

4. 2(X) 

.0070 

.0.344 

17,VW0 

280 

11 

9i 

5. 200 

.0(160 

.0431 

21.300 

350 

12 

93 

4.800 

.0066 

.0392 

19.8(H) 

318 

17 

10 

3. 200 

.0073 

.0194 

ll.tiOO 

181 

18 

33 

113 

4.400 

.(H)81 

.0301 

18,100 

251 

19 

M 

11 

5. 200 

.(«).57 

.0376 

19,iHJ0 

282 

20 

34 

10 

4.  SO' 

.0055 

.0320 

17,2  0 

269 

21 

34 

11 

.3.  IklO 

.  (H)80 

.0281 

16.600 

235 

22 

34 

I  * 

3. 800 

.0080 

.(H17 

18.200 

300 

23 

333 

i'l'-v 

3. 200 

.(K)52 

.0181) 

ll.(H)0 

180 

24 

34 

10 

4. 800 

.OOiH) 

.0392 

22, 1(H) 

346 

25 

;54 

lU 

4.000 

.(H167 

.0293 

16,500 

224 

26 

;?3t 

103 

3. 200 

.00.')3 

.0203 

11.800 

171 

27 

34 

9 

.'{.  iW 

.(H)()9 

.();«"> 

18..5(H) 

321 

28 

33A 

10 

.'!.  500 

.(H)61 

.02.34 

13.  (HX) 

212 

29 

34 

lOj 

4. 800 

.(Hl()6 

.0355 

19.:HH) 

287 

30 

34 

10 

3, 600 

.(ni74 

.03(54 

20. 100 

314 

31 

34 

tu 

3,6(K> 

.(HI67 

.02:«) 

13.(>00 

224 

36 

30 

12* 

5.400 

.(H)55 

.o:?.35 

20.300 

254 

37 

30 

124 

5. 400 

.(X)6> 

.036,3 

22.200 

278 

38 

3ti 

74 

3. 200 

.0132 

.0504 

27.600 

345 

39 

74 

3, 400 

.OOiH) 

.04(>0 

2;J.80O 

298 

40 

85 

2,400 

.0078 

.0308 

16. 700 

190 

41 

9S 

4, 400 

.0120 

.0489 

26, 4(H) 

361 

42 

84 

3. 6(H) 

.0098 

.0392 

21,200 

312 

43 

8J 

2. 800 

.(H).52 

.0231 

12.300 

186 

44 

Hi 

5.(K)0 

.)H)40 

.0247 

12.4^H) 

207 

45 

iSV 

•4. 400 

.00.35 

.0285 

1.3,t)00 

289 

46 

10 

6.  2(H) 

.0056 

.0307 

15.700 

295 

47 

*  * 

103 

3. 4(H) 

.0017 

.0118 

5,8.50 

136 

48 

11 

4, 0(H) 

.0031 

.0146 

7.650 

174 

49 

11 

4.(HH) 

.(H)20 

.01(i;{ 

7.!H)0 

180 

54 

363 

!>iS 

4. 500 

.0021 

.(X«0 

14..5(H) 

228 

55 

365 

10 

4.5(H) 

.(Xl.')0 

.0322 

15.iHH) 

248 

56 

18 

9i 

4.3  0 

.0018 

.0144 

14, 1(H) 

222 

57 

36 

loi 

5.  OOO 

.(H105 

.0371 

16.300 

247 

58 

268 

lOS 

3.4(K) 

.00<_)0 

.0150 

8. 8(10 

129 

59 

253 

104 

3.  :W() 

.(H)03 

.0152 

9, 5(H) 

141 

60 

27}' 

104 

4,100 

.(H)00 

.0221 

12,(iOO 

187 

61 

26i 

lOi 

,3.9(K) 

.(HlOO 

.02.32 

13,700 

204 

62 

22  a 

15 

6. 8.")0 

.0006 

.0270 

19.(X)0 

197 

63 

21  {! 

14S 

6,800 

.0000 

.0284 

20, 3lH) 

215 

64 

203 

144 

7,000 

.0003 

.()2'.H) 

22. 100 

236 

65 

293 

32 

9,800 

.(X)13 

.0497 

25.5tH) 

1S)9 

66 

293 

32 

9,900 

.0012 

.0498 

2.5.800 

202 

67 

298 

32 

10,200 

.0007 

.0463 

■'•(   .-J Ml 

184 

[429] 


24  BULLETIN    OF    TIIK    UXIVKUSITY    OF    WISCONSIN 

to  the  eloniiations  are  j^ivon  in  Table  VI.  The  shape  of  these 
curves  was  similar  to  that  of  the  load-bond  curves  for  beams  65, 
66  and  67  shown  in  Fig:ure  6. 

Values  of  bond  developed  in  the  beam  tests  were  calculated 
from  the  elongations  of  the  lower  rods,  using  the  following 
formula : 

B  =  rdE-^81L 
where     B=bond  (lbs/in-), 

r  =  corrected  dial  reading  [=  (dial  reading  +  zero 

correction)    x  1.04]    (ins.), 
E  =  modulus  of  elasticity  of  steel  (lbs/in-), 
d  =  diameter  of  rod  (ins.), 
L  =  gage  length  of  extensometer   (ins.), 
1  =  length  of  embedment  of  rod  (ins.), 
As  the  radius  of  the  wire  increased  the  length  of  the  path  around 
the  dial  drum  by  about  4  per  cent,  the  quantity  1.04  was  used 
in  computing  r  in  the  above  formula  to  correct  for  the  thick- 
ness of  the  wire. 

The  modulus  of  elasticity  used  in  computing  the  bond  in 
beams  1  to  64  was  30,000.000  lbs/in-  and  in  beams  65  to  67 
28,600,000  lbs/in-. 

The  stress  in  the  rod  was  computed  from  the  following  form- 
ula : 

2L 
Where  S  =  the  stress  in  the  steel  (lbs/in-)  and  the  other  quanti- 
ties are  the  same  as  before. 

In  testing  the  bond  cylinders  the  rod  was  run  up  through  the 
pulling  head  of  the  testing  machine  and  gripped  in  the  upper 
head.  Blotting  paper  was  placed  between  the  top  of  the  cyl- 
inder and  the  lower  face  of  the  pulling  head  to  equalize  the  ef- 
fect of  any  irregularities  on  the  surface  of  the  cylinder.  A 
speed  of  .05  or  .15  of  an  inch  per  minute  was  used  in  applying 
the  load  on  the  specimen.  After  testing,  the  cylinders  were 
broken  open,  the  length  of  embedment  checked,  and  any  flaws 
or  defects  on  the  surface  of  the  rod  noted. 

The  Ijond  in  cylinder  tests  was  found  by  dividing  the  pull  on 
the  rod  by  the  area  of  the  surface  embedded.     For  the  i/o-inch 
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cor 
20. 


vxvnxted  bars  with  10-incli  embedment  the  divisor  used  was 


1.  Effect  of  Age  on  Bond 

Table  VII  contains  the  results  of  15  beam  tests  to  determine 
the  effect  of  age  upon  the  bond  between  1:2:4  concrete  and 
%-inch  round  steel  rods.  These  beams  were  loaded  as  shown 
in  Figui-e  2a.  The  variables  in  age  were  7,  28,  60  days  and  6 
months.  Although  there  is  a  considerable  variation  from  the 
mean  at  some  of  the  ages,  the  average  bond  increased  with  the 
age  of  the  specimen.  This  is  well  shown  by  the  age-bond  curve 
in  Figure  7  drawn  through  these  plotted  averages.  The  curve 
shows  that  a  bond  of  253  lbs/in^  or  80  per  cent  of  the  bond  at 
6  months,  was  developed  when  the  specimens  were  a  month  old. 

2.  Bond  op  Different  IMixes 

A  comparison  of  the  bonds  of  several  mixes  of  different  pro- 
portions is  ijiven  in  Table  VIII.  Nine  beams  were  loaded  as 
shoMTi  in  Figure  2a  and  tested.  The  bond  developed  with  the 
1:3:6  mixture  was  decidedly  lower  than  those  obtained  with 
the  others  mixes.  There  was  very  little  difference  in  the  aver- 
age bonds  of  the  1:2:4  limestone,  1:2:4  gravel  and  1:21/^ 
mortar.  The  results  indicate  that  the  bond  is  directly  affected 
by  the  richness  of  the  mortar  but  not  materially  by  the  kind  of 
stone,  providing  pockets  are  prevented  from  forming  aromid 
the  reinforcement. 

3.     Effect  of  Consistency  on  Bond 

Nine  beams  of  1:2:4  concrete  with  lower  rods  s^s-inches  m 
diameter  were  tested  under  loads  placed  as  shown  in  Figure  2a 
to  determine  the  effect  of  consistency  on  bond.  Table  IX  con- 
tains the  results  of  these  tests.  The  averages  in  the  table  in- 
dicate that  the  amount  of  water  used  had  no  decided  effect  on 
the  bond  when  the  specimens  were  60  days  old.  It  is  probable 
that  the  hard  ramming  to  which  the  dry  beams,  29,  30  and  31, 
were  subjected  considerably  raised  the  bond  in  these  beams. 
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TABLE  VII. 

Tests  on  lioxD  in  Be.\.hs  Statically  Loaded.     Effect  of  Age  on  the 

Uoxi)  Bp:tweex  1:2:4  Concrete  and  I-In.  KorxD  Rods. 


Keam 
Xo. 

Ma.ximum 
load, 
lbs. 

Age. 

Stress 
in  steel 
lbs../in.2 

Hond 

Ibs./iii.^ 

Compi'cssive 

strength  of 

concrete 

lbs./in.2 

1 

4. 000 
3.400 

7  da. 

14,200 
13,500 

222 

in 

2 

Avei-atrc 

216 

1.400 

4 

0. 800 
4.400 
4.  (500 
4.5(H» 
4.500 
4.  .300 
5.000 

28  da. 

23.000 
10.200 
12.000 
14.500 
15. COO 
14.100 
U).  300 

.305 
312 
207 
228 
248 

009 

247 

5 

1 

6 

2.0.30 

54 

55 

1 

56 

1  »)90 

57 

i 

.Vveragre  . .     . . 

253 

7 

4.  Mill 

4.  :J(|i» 
4.000 

HO  da. 

l-..."ii 

Ui.iHMI 
11.100 

362 

264 
201 

8 

9 

A  vtM'afTP 

276 

1.790 

111... 

4,200 
5.200 
4.800 

6  mo.s. 

17.900 
21,. 300 
19.800 

280 
350 
318 



11 

12 

Average 

1 

316 

1.630 
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TABLE  VIII. 
Tkst.s  on  Bond  is  Beams  Statically  Loadkd. 

Compari.son  of  tlio  bonds  between  various  mixes  and  |-in.  round  rods. 

A<?e  60  days. 


Beam  No. 

Mix. 

Ma.ximiun 
load 
lb:s. 

Stress  in 

steel 

lbs/  ni= 

Bond 

lbs/in^ 

Compressive 
strength 

of 

concrete 

lbs/ in" 

1:2:4 

4,800 
4.200 
4.000 

ill 

362 

264 
201 

8 

<) 

Averag'e 

276 

1.790 

17 

1 :3:6 

3,200 
4,400 

11.600 
18, 100 

181 
251 

18 

Averag'e 

216 

830 

19 

1 :2:4  g. 

5,200 

4,800 

19.900 
17.200 

282 
269 

20 

Averag'e 

275 

2,200 

21 

l:2i 

3,600 

3.800 

16. 600 

18,200 

235 
300 

O') 

Average 

267 

1,600 

TABLE  IX. 

Tests  on  Bond  in  Beams  Statically  Loaded. 

Effect  of  different  consistencies  on   tlie  bond  between  1:2:4  concrete  and 

f-in.  round  rods. 


Beam  No. 

Consistency. 

Maximum 
load 
lbs. 

Stress  in  steel 
lbs/in" 

Bond 

lbs/in» 

♦>3 

Wet. 

3, 200 

4,800 
4. 000 

11.0<jO 
22, 100 
16, 500 

180 
346 
224 

•u 

Average 

250 

26... 

Medium. 

3,200 
3.6t)0 
3,500 

11,800 
18.500 
13.600 

171        : 

321 

212 

27 

28 

Average 

235        1 

29.. 

Dry. 

4, 800 
3, 600 
3,600 

19,300 
20. 100 
13.600 

287 

;^0 

314        i 

31 

224        1 

Avera^ 

275 



Ag-e  of  specimens  60  days. 
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4.     Effect  of  Size  of  Rod  on  Bond 

Three  beams  were  made  with  each  of  the  following  sizes  of 
lower  rod  %,  Yz,  %,  y^  ^^^  1-inch,  and  tested  under  loads  as 
shown  in  Figure  2a.  Beams  65,  'o^  ?nd  67,  9  feet  long,  6  inches 
wide  and  8  inches  deep  and  reinforced  with  lower  rods  1  inch  in 
diameter  were  loaded  as  shown  in  Figure  2d  and  tested.  It  ap- 
pears from  Table  X,  which  gives  the  results  of  these  tests,  that 
the  bond  between  1:2:4  concrete  and  rods  -'Ks  to  %  inches  in 
diameter  is  practically  constant.  The  bond  in  both  sets  of 
specimens  containing  1-ineh  rods  was  decidedly  less  than  it  was 
in  the  specimens  with  the  smaller  rods.  From  these  tests  it 
would  appear  that  the  bond  between  concrete  of  this  class  two 
months  old.  and  plain  round  rods  less  than  -'"^-ineh  in  diameter 
is  200  to  250  lbs  an-.  For  1-ineh  rods  the  bond  is  175  to  200 
lbs/in-. 


TABLE  X. 

Tests  on  Boxd  ix  Beams  Staticaij.y  loaded. 

Effect  of  size  of  rod  on  the  boiul  of  1:  'I:  4  concrete. 

Asre  2  iiios. 


Beam  No. 

Size 
of 
rod 
ins. 

Maximum 
load  ll)s. 

Stress  in 

steel 
lbs/  iii^ 

Bond 

lbs/in'^ 

38 

I 

3. 200 
3, 400 
2. 400 

27, 0(H) 
23. SOO 
10. 700 

345 

30 

208 

40 

190 

A  verasrc 

■'78 

41 

i 

4. 400 
3.600 

2.800 

20, 400 
21,200 
12, 3  W) 

:^12 
18(5 

42 

43 

Averati^e 

28(5 

7 

s 

4.800 
4.200 
4, 000 

18,508 
10,000 
11.100 

8 

204 
201 
''76 

9 

A  verat.'e 

44 

\ 

5. 000 
4.400 
0,200 

12.400 
13,<H)0 
15,700 

2(t7 
289 

45 

46 

A  veratro 

■'64 

47 

1 

3,400 
4.000 
4,000 

5, 8.^)6 
7.0.50 
7.900 

?30 
174 
180 
U53 

4S 

4;i 

Avera;ro 

tS5 

i 

O.SOO 
9.000 
10,200 

25.500 
25, 800 
23,(500 

199 

202 
184 
195 

66 

67 

Average 
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5.     Effect  of  Various  Methods  of  Lo.\ding  on  Bond  in  Bkams 

Beams  54  to  61  were  made  to  determine  the  effect  on  bond  of 
embedding  the  rod  in  stressed  and  unstressed  concrete.  Beams 
54  to  57  were  made  and  loaded  as  shown  in  Figure  2a.  Figure 
2c  represents  beams  58  to  61.  The  results  given  in  Table  XI 
apparently  indicate  that  the  bond  of  concrete  subjected  to  a 
tensile  stress  is  greater  than  that  of  concrete  which  is  practically 
unstressed.  This  difference  in  bond  may  have  been  caused 
partly  by  the  difference  in  strength  of  the  concrete  in  the  two 
sets  of  beams. 

TABLE  XI. 

Tests  on  Bond  tn  Beams    Statically    Loaded. 

Effect  of  various  methods  of  loading.     Age  of  1:2:4  concrete  1  mo. 

l-in.  round  rods. 


Beam  No. 

Maximum 
load 
lbs. 

Stress 
in  steel 
lbs /in  2 

Bond 
lbs/  in  - 

Compressive 

stren!,rth  of 

eonorete 

lbs/ in  2 

54 

4.500 
4.500 

4.:»o 

5  000 

14,  .500 
1.1.9(10 
14,100 
16.:^.00 

228 
248 
22'> 
247 

55 

56 

57 

236 

l,6Sti) 

58 

59 

3.400 
3.300 
4.100 
3,900 

8,800 
9, 500 
12.600 
13.700 

129 
141 

187 
204 

(iO 

01 

165 

1.070 

62 

6,850 
6.800 
7,000 

19,000 
20,300 
22. 100 

197 
215 
236 

63 

64 

Average 

216 

2,315 

Beams  62,  63  and  64  were  designed  to  determine  the  effect  of 
a  change  from  the  standard  loading,  shown  in  Figure  2a.  They 
w^ere  made  and  loaded  as  shown  in  Figure  2b.  The  average 
bond  in  these  beams  was  not  materially  less  than  that  obtained 
from  beams  54  to  57.  The  small  decrease  in  bond  in  beams  62, 
63,  64  might  have  been  due  to  the  fact  that  they  were  sprinkled 
more  frequently  while  curing  than  the  other  beams  as  this  would 
tend  to  decrease  shrinkage  of  the  concrete  and  therefore  lessen 
the  bond. 
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6.     Effect  of  Various  Methods  of  Testing  on  Bond  in  Cyl- 
inders 

Table  XU  contains  tli<'  results  of  the  ti'sts  on  S  bond  cylinders 
all  made  from  the  same  batch  of  couerete.  A  ^Vj-incli  steel  plate 
with  a  1%-iiicli  hole  was  placed  between  the  ui)per  surface  of 
the  cylinder  and  the  lower  face  of  the  i)nllin,u'  head  in  testing- 
bond  cylinders  1,  2  and  3.  Bond  cylinders  4  and  5  were  tested 
in  the  ordinary  way  with  their  upper  surfaces  bedded  on  blot- 
ting paper  against  the  lower  face  of  the  pulling  head.  In  both 
of  the  above  sets  of  tests  the  concrete  around  the  rod  was  in 
compression.  Bond  cylinders  6,  7  and  8  were  made  as  shown 
in  Figure  3b.  Two  rods  were  placed  with  axes  coinciding  with 
the  axis  of  the  cylinder,  a  smooth  dowel  pin  fitting  into  the  end 
of  each  serving  to  keep  them  in  line  while  the  molds  were  being 
filled.  In  testing,  the  projecting  ends  of  the  rods  were  gripped 
in  the  upper  and  lower  heads  of  the  machine  and  a  load  api)lied. 
In  these  tests  both  concrete  and  rod  were  in  tension. 


TABLE  XII. 

(a)mi*akison  of  Various  Methods  of  Making  Cylinder  Tests  on  ]'>ond. 

Rods  t-in.  round.     Concrete  1:2:4.     Aye  of  spccimons  2S  days. 


Cylinder 
No. 

Method  of  testing'. 

Maximum  v    i     i 

load         Eml>edment 
lbs.                  i"^- 

Bond 
ibs/in= 

1 

3  Concrete    in  compression.    Steel 
1    plate  cap. 

0.025                      111 
7. 4.50                      12J 
10.275                      ]2i 

27!> 

o 

312 

3 

42t) 

Average 

.339 

4 

6,420                      12J 

2li() 

<.  Pulled  against  head  of  machine. 

!).  150 

12 

387 

Average 

327 

,; 

Concrete  in  tension. 
Two  rods  embedded  with  ends  in 
contact  at  center  of  c.vlindcr. 

4.7(X) 
4  tiOO 

12i 

197 

101            '                    1Q1 

s 

4.430                      12          1              188 

Average 

192 
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These  tests  show  couclusively  thai  the  kind  of  stress  to  Avhieh 
the  concrete  surrounding  a  plain  rod  is  subjected  exercises  a 
great  inHuence  on  the  bond.  The  average  bond  in  cylinders 
1  to  5  Avas  68  per  cent,  greater  than  in  cylinders  6,  7  and  8.  The 
average  value  for  6,  7  and  8.  192  lbs/in'-,  is  somewhat  lower  than 
values  obtained  from  tests  of  beams  54  to  57. 

7.     Comparison  Between  Be.\^m  and  Cylinder  Tests  on  Bond 

A  comparison  between  the  bond  developed  in  beams  and  that 
obtained  from  bond  cylinders  made  from  the  same  batches  of 
concrete  as  the  corresponding  beams  is  afforded  in  Table  XIII. 
The  last  column  in  the  table  is  computed  by  dividing  the  pull 
on  the  rod  of  the  bond  cylinder  by  the  area  of  the  cylinder,  no 
allowance  being  made  for  the  area  of  the  hole  in  the  head  of  the 
testing  machine.  Figure  8  shows  a  curve  plotted  from  the  values 
in  the  last  two  columns  of  the  table.  The  curve  indicates  that 
the  ratio  of  bond  in  cylinder  to  bond  in  beam  increased  with  the 
intensity  of  compressive  stress  applied  to  the  top  of  the  bond 
cylinder.  "While  a  longer  embedment  in  the  cylinder  tests 
would  probably  decrease  the  difference  in  the  results  obtained 
from  the  two  methods  of  testing  and  is  doubtless  the  cause  of 
the  discrepancy  in  the  1-inch  results,  this  table  and  figure  show 
that  the  ordinary  method  of  making  bond  tests,  where  the  upper 
surface  of  the  bond  cylinder  is  in  compression,  gives  values 
which  are  too  high  to  use  in  designing  reinforced  concrete  beams. 
In  these  tests  the  bond  in  cylinders  ran  from  1.42  to  2.99 
times  as  large  as  that  obtained  from  the  corresponding  beam 
tests.  As  special  care  was  taken  to  make  curing  conditions  as 
uniform  as  possible  it  is  believed  that  the  results  are  representa- 
tive of  the  two  methods  of  testing.  Therefore  reliable  working 
values  of  bond  for  use  in  designing  reinforced  concrete  beams 
and  slabs,  should  be  based  upon  the  results  of  tests  on  bond  in 
beams  where  the  conditions  are  comparable  with  those  in  the 
structure. 
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TABLE  XIII. 

Static  Bond  Tests. 

Comparison  of  rosults  obtained  from  beam.s  and  cylinders. 


Beam 
No. 

Size 
of 
rod 
ins. 

Average 

bond  in 

beam 

lbs/in^ 

Average 

bond  in 

cylinders 

lbs  /in^ 

Bond  in  cyl. 

Compressive 
stress  on 

Bond  in 
beam. 

lop  of 

Ijond  cyl. 

bs/in* 

.38-39-40 
41-42-43 
62-63-4)4 
.3(V-37 
44-4.5-4*) 
47-48-49 
65-66-67 

i 
i 

i 
i 
i 
1 

1 

278 
286 
216 
266 
2*)4 
163 
195 

.394 
455 
311 
467 
502 
487 
367 

1.42 
1.54 
1.44 
1.76 
1.90 
2.99 
1.88 

197 
317 
252 
395 
495 
620 
725 

TABLE  XIV. 

Summary  of  tests  on  the  Bond  BET^vEEN  Concrete  and  Steel  Rods 

Subjected  to  Static  and  Repeated  Loadings. 

Concrete  1:2.2:4.4.     Age  of  specimens  1  month. 


Beam 
No. 

Size   and  Ivind 
of  bar. 

No.  of 

repetitions 

of  load. 

Bond  in 
beams 
lbs/ in  2 

Bond  in 

cylinders 

lbs/in= 

Stress 
in  steel 
lbs/in'' 

Compressive 

strength  of 

concrete 

lbs/in" 

Al 

311 

245 
143 
424 
320 
80 
93 
285 
402 

525 

24.900 
19. 600 

9. 200 
33. 900 
25. 600 

5. 200 

6.0011 
22. 800 
32,200 
13.500 

8.400 
28.900 
22. 800 

9.300 
15. 700 
43.600 
28.300 
11.900 

8.000 
42.100 
27. 600 
10.000 
\   9.7001 
/1 2. 8001' 
21,600 
39.000 
16.700 
16.400 
14.000 
36.600 
25.600 
15.200 

1,380 

A2 

i-incli  corr — 

*104.500 

A3 

B5 

i,486 

B6 

i-incli  corr — 
l-in.  p.  round. 
i-in.  p.  round. 
4-inch  corr 

2,666 

*1,000 

B7 

B8 

C9 
CIO 

*46,000 

705 

1.420 
1.310 

Cll 

i-in.  p.  round, 
i-in.  p.  round, 
i-incli  corr.. 

210 
130 
361 

285 

408 

C12 

7.000 

D13 

1.170 

D14 

J-inch  corr.... 
I-in.  p.  round, 
i-in.  p.  round. 

26.000 
53. 100 



D15 

145 

244 

545 

355 

185 

125 

526 

345 

155 

150/ 

200  f 

270 

399 

260 

205 

175 

458 

320 

190 

401 
387 

D16 



E17 

1.740 

E18 

i-inch  corr 

i-in.  p.  round, 
i-in.  p.  round. 

*31.500 

E19 

300 

E20 

*m.  000 

F21 

1.880 

F22 

J -inch  corr.... 
I-in.  p.  round. 

i-in.  p.  round. 

J-in.  r.  round. 

*15.400 

1,200 

t   *40,000 

/     12,000 

3.200 

F23 

342 

F24 

:::::::::::::: 

G25 
Cj26 

374 

1.380 

(i27 

i-in.  r.  round, 
i-in.  r.  round, 
i-in.  r.  round. 

G28 

1.700 
*70. 000 

H29 
H30 

508 

1,600 

H31 

J-in.  r.  round, 
i-in.  r.  round. 

H32 

79,000 

♦Without  failure. 
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V.  TESTS  OF  BOND  UNDER  REPEATED  LOADS 

Table  XIV  contains  a  siuniiiary  of  the  results  of  tests  on  b>'-nd 
in  beams  subjected  to  repeated  loadin*^s.  The  size  of  beam, 
method  of  loading,  etc.,  used  in  this  series  of  tests,  is  shown  ii; 
Figure  2a.  Tests  wore  made  on  plain  round  7'ods.  rusted  round 
rods  and  corrugated  bars. 

Method  of  'Testing  and  Computation.  About  half  of  each 
class  and  batch  of  beams  was  tested  i.nder  static  loadings  so  that 
an  estimate  of  the  strength  of  the  others  to  be  tested  under  re- 
peated loadings  could  be  made.  These  static  tests  were  con- 
ducted in  practically  the  same  manner  as  previously  described, 
the  only  exception  being  the  method  of  applying  loads,  Avhich 
was  accomplished  by  means  of  the  i)lunger  operated  by  air  pres- 
sure, shoA\Ti  in  Plate  II.  The  ])ressure  on  the  plunger  was  added 
in  5  lbs/in-  increments  (measured  on  the  indicator  card)  and 
the  coiTCsponding  elongations  of  the  lower  rod  were  read. 

For  the  repeated  tests,  an  elongation  was  calculated  from  the 
static  test  made  from  the  same  batch  which  would  produce  a 
given  bond  between  the  concrete  and  lower  rod.  The  beam 
which  was  to  be  tested  under  repeated  loads  was  then  loaded 
statically  until  the  elongation  of  the  lower  rod  equalled  this 
predetermined  amount.  The  air  pressure  producing  this  elon- 
gation was  noted  and  used  in  applying  the  repeated  loads.  Owing 
to  the  increase  in  elongation  of  the  lower  rod  after  a  few  thou- 
sand repetitions,  caused  by  formation  of  tension  cracks  in  the 
concrete,  the  elongation  at  the  start  was  made  slightly  less  than 
the  value  finally  desired.  After  making  a  determination  of 
the  proper  air  pressure  to  use,  the  rotating  valve  was  started 
and  this  pres.sure  maintained  for  500  or  1,000  repetitions  of 
load,  when  the  motor  driving  the  valve  was  stopped  and  anotliei" 
static  loading  applied.  If  the  elongation  for  the  pressure  which 
was  being  used  in  the  repeated  tests  differed  materially  from 
that  desired,  the  pressure  was  adjusted  to  produce  the  desired 
elongation  and  1,000  or  2,000  more  loads  applied.  Another 
static  loading  was  then  imposed,  after  which  the  repeated  load- 
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ings  were  t'ontiiiiicd.  When  it  beeanic  evident  Uiat  the  reciuireJ 
elonji'ation  was  being  produced  by  a  })ia('lically  constant  air 
pressure,  the  intervals  between  stops  were  made  longer.  Gen- 
erally a  constant  air  pressure  was  used  throughout  the  repeated 
tests  on  any  one  beam  and  was  applied  lO'O  times  per  minute. 

In  calculating  the  bond  in  all  lieaiiis  oi'  this  series,  no  allow- 
ance was  made  i'of  any  zero  c(U'rection.  lu  general,  owing  to 
the  method  of  applying  the  loads,  this  correction,  if  made,  would 
be  considerably  smaller  than  that  applied  to  beams  1  to  49.  .Con- 
sidering the  nature  and  purpose  of  the  tests  and  the  difficulty  in 
introducing  an  accurate  correcti(m  in  all  cases,  it  was  decided 
to  disrega.id  it.  In  computing  bond  in  l)eams,  the  average 
modulus  of  elasticity  for  each  of  the  ditferent  sizes  below  the 
black  line  in  Table  W  was  used. 

In  computing  the  bond  in  beams  subjected  to  repeatetl  load- 
ings, the  results  in  c<,luiini  4  of  Tal)le  XIV  were  obtained  from 
the  repetition-elongation  curves,  most  weight  being  given  to  the 
high  values  in  computing  these  averages.  In  Tables  XV,  XVI, 
and  XVII,  colunui  7  was  computed  by  dividing  the  results  in 
column  4,  Table  XIV.  by  tlie  average  of  column  4  in  the  table 
being  computed.  Columns  5  aiul  6  show  the  limits  between  which 
the  percentage  of  static  bond  emi)loyed  varied  during  any  re- 
peated test.  These  values  were  computed  from  the  lowest  and 
highest  values  of  elongation  shown  on  the  repetition-elongation 
curves.  No  attem])t  has  been  madv-.  to  figure  the  actual  bond 
between  concrete  and  steel  when  the  beam  was  broken  under  re- 
peated loads.  An  estimate  of  this  can  easily  be  made  from  the 
repetition-elongation  curve,  if  desired.  With  the  exceptions 
mentioned  above,  the  method  of  computing  bond  in  the  cylinder 
and  beam  tests  of  this  sei-ies  was  the  same  as  that  outlined  under 
static  bond  tests. 

From  the  beams  of  this  seri(»s  tested  statically,  air  pressure- 
elongations  curves  have  been  plotted  and  are  shown  in  Figures 
11,  Ifi,  20  and  21.  Some  of  the  air  pressure-elongation  curves 
obtained  diu'ing  the  tests  of  beams  subjected  to  rei)eated  load- 
ings are  shown  in  Figures  12  to  15.  17  to  19  and  22  to  2(5.  Those 
curves  obtained  after  a  number  of  repetitions  are  more  nearly 
straight  than  those  obtained  ;it  the  initial  loading.     This  is  due 
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to  tlio  fact  that  tlie  formation  of  tension  cracks  in  the  concrete 
caused  the  steel  to  carry  practically  all  the  tensile  stress  in  the 
beam. 

The  repetition-elongation  curves  for  these  beams  are  also  given 
in  the  same  figiires.  Vertical  lines  in  these  curves  indicate  an 
increase  in  pressure.  In  general,  as  may  be  seen  from  these 
curves,  (Figure  23,  for  example)  the  deformation  increased 
quite  rapidly  during  the  first  few  thousand  repetitions  at  con- 
stant air  pressure,  caused  by  the  increased  tension  in  the  steel 
due  to  tension  cracks  in  the  concrete.  After  this,  conditions 
became  more  constant  and  the  curve  more  nearly  horizontal. 
The  repetition-elongation  curves  for  beams  containing  round 
rods  which  failed  under  repeated  loadings  show  a  quite  steady 
decrease  in  elongation  before  failure,  probably  caused  by  a  slight 
slipping  of  the  rod. 

1.     Plain  Round  Rods 

Beams  A3,  B7,  B8,  Cll,  C12,  D15,  D16,  E19,  E20,  F23  and 
F24  contained  %-inch  plain  round  rods.  It  is  quite  prob- 
able that  the  rods  in  beams  B7  and  B8  came  in  contact  with  the 
oiled  forms  before  the  beams  were  poured.  Consequently  the 
results  from  these  beams  are  not  considered  of  sufficient  im- 
portance to  be  tabulated  in  Table  XV.  As  batch  B  was  the  only 
one  in  which  the  forms  were  oiled,  no  trouble  from  this  source 
was  experienced  in  tests  of-  the  other  beams.  As  no  repetition 
test  was  made  from  batch  A,  beam  A3  is  also  omitted  from  the 
table. 

The  following  record  of  the  test  of  beam  D15  illustrates  the 
behavior  of  a  beam  of  this  set  which  failed  under  repeated  loads. 
After  1,500  repetitions,  concrete  had  spalled  off  slightly'  where 
the  bond  rod  entered  the  concrete,  indicating  a  failure  in  bond 
at  that  point.  No  cracks  parallel  to  the  bond  rod  were  visible 
throughout  the  test.  After  the  load  had  been  repeated  46,500 
times,  a  .sharp  snapping  noise  which  appeared  to  come  from  the 
end  of  the  beam  was  heard  each  time  the  load  was  released.  It 
will  be  observed  also  that  the  elongations  in  the  repetition-elon- 
gation curve.  Figure  13,  showed  a  decided  decrease  at  this  time. 
A  higher  pressure  was  then  employed  to  increase  the  elongation 
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TABLK   W. 

UESur/rs  of  Tksts  on  the  Bond  Het\vp:en  Concrete  and  f-iN.    Plain 

Round  Rods  Subjected  to  Static  and  Repeated  Loadings. 

Concrete  1:2.2:4.4.    Bai-s  i-in.  round.    Age  of  sjiecimens  1  month. 


Compres- 
sive 
strength 
of  cylinfler 
lbs/  in- 

Static 
lbs 

bond 
in- 

Repeated  loading. 

Beam 
No. 

I'er  cent  of  static  bond 
employed. 

No  of 
repetitions. 

Cylinder 

test. 

Beam 

test. 

Low. 

High. 

Average. 

1 

3 

4 

5 

0 

7 

8 

Cll 

1420 
1310 
1170 

408 

210 

CI  2 

54 

07               01 

71KX) 

1)10 

4U1 
387 
300 

244 

1)15 

53 

70                08 

.53100 

Eli" 
E20 

1740 

185 
*2U) 

.50 
38 
03 
71 

70  58 
82                72 

71  70 
10.}               i^ 

*00000 

F23 

1880 

312 

1200 

F24 

40000 

r24 

12000 

Av 

1504 

308 

214 

1 

1 

*Beam  after  withstanding  the  number  of  repetitions  indicated  in  col.  8  was  l)roUen 
under  static  loading,  see  col.  4. 


ill  tile  rod.  Shortly  after  tliis.  the  same  snappinu  was  ob- 
served at  the  other  end  of  the  heain.  An  examination  of  the 
bar  showed  it  had  slipped  tlirouuhout  its  entire  embedment. 
(The  frictional  resistance  develo[)ed  after  the  bar  slipped  was 
146  lbs/in-). 

Beam  E2()  withstood  (>(),()(  )(•  repel  it  ions  of  a  bond  stress  aver- 
agiiio-  12")  ll)S/iii-  without  failure,  it  was  then  loaded  statically 
and  the  bar  slipped  when  the  l)ond  was  21(j  lbs  in-. 

From  the  results  in  Table  XV.  the  api)ea ranee  of  the  repeti- 
tion-elon<iation  curves  and  the  tieliavior  of  the  beams  tested  un- 
der repeated  loads,  it  would  appear  that  a  bond  of  50  or  60  per 
cent,  of  the  ultimate  static  bond  can  be  repeated  a  very  larg-e 
number  of  times  without  failure  in  liond.  Foi'  the  beams 
testt'd.  this  repetition  limit  would  be  107  to  128  lbs  in-, 

A  comparison  betweiti  the  static  bond  devi'lo])ed  in  the  beam 
and  cylinder  tests  of  this  set  coiiliniis  the  results  from  tests 
made  in  coiuiection  with  beams  'M)  to  67, 
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2.     Rusted  Round  Bars 

The  eight  beams  of  balehes  G  and  II  eontained  I'usted  round 
rods.  Results  of  tests  of  seven  of  these  beams  with  j^-inch  rods 
are  given  in  Table  XVT.  Results  of  the  test  on  beam  G27  are 
omittecl  because  tbe  diameter  of  the  rod  was  %  of  an  inch,  and 
the  bond  was  decidedly  lower  than  thai  obtained  from  any  of 
the  other  beams  of  this  set. 

TABLE  XVI. 

Results  of  Tests  on  the  Boxd  Between  Concrete  and  I-in.  Rcsted 
Round  Rods  Subjected  to  Static  and  Repeated  Loadings. 

Concrete  1:2.2:4.4.    Age  of  specimens  1  month. 


Com- 
pressive 
streng-th 
of  cylinder 
lbs  in^ 

Static  Bond 
Ibs/in- 

Eepeated  loadings. 

Bpam 

No. 

Per  cent  of  Static  Bond 
employed . 

No.  of 

Cylinder 
test. 

Beam 
test. 

Low. 

Hig'h.      Average 

repetitions. 

1 

2 

3 

4 

5 

i>                 7 

s 

o;2o 

1.3S0 

374        1          399 

G25 

52 

43 

70               ti9 
59               52 

.3. 200 

G''8 

1 .  7a) 

H.SO 

l.liOO 

508                      4-a.S 

H31 

320 
*390 

- 

1 

T129 

38 
43 

48                44 
51        J        48 

*70. 000 

H32 

79. 000 

Av 

1.490 

441                  392 

. 

*  Beam  after  witlistandingr  tlie  numberof  repetitions  indicated  incol.  S  was  broken 
under  static  loading'',  sec  col.  4. 


The  behavior  of  these  beams  while  being  tested  Avas  similar 
to  that  of  the  beams  containing  plain  round  rods.  The  values 
of  the  bond  developed  in  these  beams  containing  rusted  roimd 
rods  were  decidedly  higher  than  those  obtained  from  beams 
reinforced  with  plain  round  rods.  The  difference  in  size  of 
rods  employed  in  the  two  sets  of  beams  could  not  have  greatly 
affected  the  results  as  the  cylinder  bond  test  on  a  plain  round 
3^-ineh  rod  made  with  batch  G  showed  a  bond  of  only  296 
lbs/in-,  and  the  one  with  batch  H,  390  lbs/in-,  while  the  results 
from  cylinders  with  rusted  bars,  given  in  the  table,  are  consid- 
erably higher. 
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Vvom  i\u'  .small  iiuiubcr  oi'  Ix'aitus  tcstcHJ  it  is  not  possible  to^ 
tlraw  conclusions  which  will  apply  to  I'ods  of  different  sizes 
and  more  or  less  rusted.  It  is  evident  from  the  tests,  however, 
that  the  bond  between  concrete  and  a  bar  covered  with  a  firm 
hard  ru.st  and  subjected  to  either  a  static  or  repeated  loading  is 
,considerably  greater  than  tliat  olitaincd  fi-om  a  ])laiii  round, 
rod  under  the  same  conditions.  In  these  tests  the  static  bond 
between  concrete  and  the  yj-uivh  rusted  roiuid  bars  averaged 
S3  per  cent,  greater  than  th<^  similar  value  fi'om  tests  where 
'Xs-inch  plain  I'ouiul  rods  wen^  emphiycd. 

3.       CORRUG.'vTKI)    1>ARS 

Tile  results  of  tests  on  beams  i-einforced  with  corrugated  bars 
are  tabulated  in  Table  XVll.  As  beam  Al  showed  a  much 
lower  static  bond  than  the  otliei-  beams  of  this  set  the  results 
from  it  are  not  included  i]i  tlie  table.  Elongation  curves  for 
these  beams.  Figures  22  to  26,  sliow  the  initial  rise  in  elonga- 
tion produced  by  tension  cracks  in  the  concrete.  Slight  slip- 
ping of  the  bar  j)robably  produced  the  dips  in  the  curves.  This 
slight  slipping  Avas  made  evident,  in  the  test-;  of  the  beams  con- 
taining corrugated  bars  long  before  the  ultimate  bond  Avas  de- 
veloped, by  cracking  of  the  concrete  where  the  rod  entered  the 
beam  and  later  in  the  test,  by  ci-acks  parallel  to  the  rod  on  the 
bottom  of  the  beam.  It  is  quite  probable  that  this  slipping  did 
not  take  place  over  the  entire  length  of  em])edni(>nt  of  the  rod. 
at  lea.st  not  at  the  start,  l)ut  was  merely  a  loosening  of  the  con- 
crete where  the  rod  entered  the  beam.  That  slipping  progressed 
along  the  embedded  length  under  the  load  apjilied  seems  evi- 
dent from  the  crack  on  the  liottom  running  parallel  to  the  rod. 
Although  this  slight  slipping  momentarily  lessened  the  stress  in 
the  rod.  the  lengthening  of  the  tension  cracks  threw  more  stress 
back  on  the  rod  which,  having  been  partially  wedged  in  slipping, 
can-ied  the  load.  Repetition  of  this  procedure  depended  upon 
tlie  firmness  with  which  the  bar  was  wedged  in  the  concrete  and 
the  intensity  of  the  pull  in  tli(>  rod.  This  wedging  action  was 
doubtless  responsible  for  the  cracks  in  the  concrete  on  tln'  bot- 
tom of  the  beam  parallel  to  the  rod. 
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TABLE  XVII. 
Results  of  Tksts  on  thr  Bond  Betwkkn  Concrkte  and  ^-in.  Cokiu- 

GATED    BaUS    Suii.II'X'TED  TO    STATIC    AND    REPEATED    LOADINGS. 

Concrete  1:2.2:4.4.    Bars  i-in.  sa.    Agre  of  specimens  1  month. 


Com- 
pressive 
strentrth  of 
cvliiuU'r 
lbs    in^ 

Static  bond 
lbs  /iii^ 

Repeated  loadings. 

Beam 
No. 

I'er  cent  of  static  bond 
employed. 

No. 

Cylinder 

test. 

Beam 

test. 

4 

Low. 

Hitfli. 

Average. 

of  rep- 
etitions. 

1 

2 

3 

5 

6 

7 

8 

A2 
B5 

1,380 
1,480 

525 

*397 
424 

42 

65 

54 

*104.500 

B6 

03 

72 

71 

2,000 

CIO 

1.420 
1,310 

i.iro 

705 

402 

C9 

57 

65 

63 

+46,000 

D13 

361 

D14 

53 

68 

63 

26,000 

E17 

1,740 

545 

*521 

520 

E18 

64 

81 

78 

*31.500 

F21 

1.880 

F22 

70 

77 

76 

+15.400 

Av 

1,483 

015 

454 

*Beam  after  withstanding'  the  number  of  repetitions  indicated  in  col.  8  wasbrolcen 
under  static  loading;  see  col.  4. 

+  Beam  broken  accidentall.y— valve  stucli. 


The  record  of  the  test  of  Beam  A2  is  characteristic  of  this  set. 
After  -ijOOO  repetitions  with  a  40  lbs/in^  pressure  concrete  began 
to  spall  off  around  the  rod  where  it  entered  the  north  end  of  the 
beam  as  shown  in  Figure  9a.  After  7,000  repetitions  a  crack 
was  noticed  extending  horizontally  towards  the  side  of  the  beam 
from  the  lower  edge  of  the  rod  as  shown  in  Figure  9b.  After 
70,000  repetitions  a  crack  appeared  extending  vertically  from 
the  lower  side  of  the  bar  to  the  bottom  of  the  beam  and  running 
parallel  to  the  bar  along  the  bottom  of  the  beam  as  sho\Mi  in 
Figure  9e.  After  78,000  repetitions  a  similar  crack  was  ob- 
served at  the  south  end  of  the  beam  which  extended  nearly  to 
the  support  at  87,000  repetitions.  No  further  signs  of  weak- 
ness nor  extension  of  cracks  was  manifested.  After  100,000 
repetitions  the  air  pressure  was  raised  to  50  lbs/in-.  As  4,500 
repetitions  of  this  pressure  produced  no  further  signs  of  failure, 
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Figure  9.— Fohma  tion  of  ('hacks  in  Ukams  Rkinkokc  k»   with 

C()KKL(JATEI)    liAllS    AM)    Sr  ItJKC  TKI)     TO    IxK.rKATKI)    LOADINGS. 


the  beam  was  tested  statically  and  i'ailetl  Avlieii  the  bond  was 
397  lbs  in',  nearly  twice  the  average  value  employed  during  the 
repetition  test. 

Beams  C9  and  F22  were  broken  accidentally,  due  to  sticking 
of  the  rotating  valve  during  the  absence  of  the  experimenter. 
This  caused  the  pressure  to  increase,  as  the  air  compressor  kept 
on  running,  and  finally  broke  the  beam. 

The  final  portion  of  the  repetition-elongation  curve  of  the 
beam  D14,  Figure  25,  shows  a  rapid  decrease  in  elongation  due 
to  slipping  of  the  rod  preceding  final  failure. 

Typical  failure  cracks  for  this  set  of  beams  are  shown  in 
Plate  III.  In  the  right  of  the  [)Iate  one  can  see  how  the  con- 
crete spalled  off  around  tlie  rod.  The  cracks  in  the  bottom  of 
the  beams  are  also  well  shown.  It  is  quite  probable  that  the 
bond  in  these  beams  would  iiave  been  increased  st)mewhat  if  the 
rods  had  been  placed  farther  from  the  bottom  of  the  beam.  Such 
increase  would  not  have  been  great,  however,  as  in  many  of  the 
beams  the  rods  were  stressed  nearly  to  their  elastic  limit.  In 
fact  beam  El 8  was  stressed  beyond  the  elastic  limit  under  a 
static  load  without  failure  in  bond  after  it  had  stood  31.500 
repetitions  at  an  average  bond  of  355  lbs/in-. 

From  the  results  in  Table  XVII  and  the  behavior  of  the  beams 
tested,  it  is  evident  that  GO  to  70  per  cent,  of  the  average  static 
bond,  about  270  to  320  lbs/in-  in  these  tests,  can  be  repeated  a 
very  large  number  of  times  without  failure  in  ])ond.  The  bond 
between  concrete  and  corrugated  bars  in  bi^ams  tested  statically 
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was  about  2.1  tiiiu's  that  obtained  wlici'c  plain  and  i-oiind  rods 
were  used  and  about  I.IH  tiiiifs  that  found  in  beams  containing 
rusted  round  rods.  The  few  cylinder  tests  made  g-ive  values  of 
bond  averaging  36  per  cent,  higher  than  that  computed  from  tlie 
l)eam  tests.  It  will  also  l)e  iu)ted  from  the  results  in  Tal)l(' 
XVII  that  the  bond  in  the  static  beam  tests  increases  with  the 
compressive  strength  of  the  l)atch.  This  without  doubt  results 
from  the  fact  that  botli  the  bond  of  a  deformed  l)ar  and  the 
crushing  strength  of  the  concrete,  are  dependent  upon  the 
shearing  strength  of  the  concrete.  Figure  10  contains  a  curve 
plotted  with  compressive  strength  of  concrete  as  ordiuates  and 
static  bond  from  beam  tests  as  a])scissae. 
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VI.     SUMMARY  AND  CONCLUSIONS 

1.  The  static  bond  between  1 :2 :4  concrete  and  plain  round 
steel  rods  increases  Avith  age  at  leasL  up  to  six  months.  About 
80  per  cent,  of  the  six  months  bond  strength  is  developed  in  one 
month. 

2.  Owing  to  the  variation  in  the  results  of  individual  tests  and 
the  difference  between  laboratory  and  practical  working  con- 
ditions, it  does  not  seem  as  though  the  maximum  static  bond 
between  concrete  of  the  class  used  and  plain  rods  less  than 
3^  inch  in  diameter  should  be  assumed  greater  than  250  Ibs/in- 
or  for  the  rods  of  larger  size  200  lbs/in-. 

3.  The  method  of  making  bond  tests  by  pulling  a  rod  from  a 
cylinder  of  concrete  in  such  a  manner  that  the  concrete  around 
the  rod  is  compressed  gives  results  which  are  neither  of  quanti- 
tative nor  qualitative  value.  The  results  obtained  are  depend- 
ent largely  upon  the  compressive  stress  acting  on  the  head  of  the 
cylinder.  Cylinder  tests  in  which  the  rod  and  concrete  are 
both  subjected  to  a  tensile  stress  give  results  more  in  accord  with 
the  bond  values  obtained  from  beam  tests. 

4.  The  beam  test  for  bond,  as  herein  described,  approaches 
closely  the  actual  condition  to  which  the  bar  and  surrounding 
concrete  are  most  often  subjected  in  beams  and  slabs,  and  gives 
results  which  are  at  least  of  qualitative  value. 

5.  The  static  bond  between  the  class  of  concrete  employed  and 
corrugated  bars  is  about  twice  as  great  as  that  which  can  be 
developed  with  plain  round  rods  of  about  the  same  size.  The 
static  bond  between  concrete  and  rusted  rods  is  very  much 
greater  than  that  obtained  where  plain  round  rods  are  used. 

6.  The  bond  between  concrete  and  corrugated  bars  increases 
with  the  compressive  strength  of  the  concrete.  A  similar  rela- 
tion does  not  appear  in  the  results  of  tests  of  beams  reinforced 
with  round  rods. 

7.  From  the^  tests  under  repeated  loadings  it  seems  evident 
that  50  to  60  per  cent,  of  the  static  bond  between  concrete  and 
plain  round  rods  may  be  repeated  a  large  number  of  times  with- 
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nut  failni'i'  In  IioikI  :  Itiiit  <i<M()  70  per  cent.  ;irc  llic  (/orresponding- 
fifnires  for  corruiiated  ])ars.  rnder  repeated  loadings  the  bond 
between  concrete  and  rusted  round  rods  is  considerably  greater 
than  that  between  concrete  and  plain  round  rods. 

8.  Considerijig  the  severity  of  the  tests  made  tlirre  seems  to 
be  no  valid  reason  f(n'  believing  that  the  bond  between  concrete 
and  plain  round  rods  will  be  destroyed  under  repeated  load- 
ings, providing  a  proper  woi'king  value  is  used.  Such  a  value 
for  concrete  of  the  class  used  in  these  tests  should  not  be  over 
50  lbs/in^. 
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FOREWORD 


Hydraulics,  while  based  on  the  exact  sciences  of  hydrostatics 
and  dynamics,  is  largely  empirical.  While  its  laws  are  founded 
on  theory,  the  results  are  so  limited  and  modified  by  the  physi- 
cal conditions  under  which  they  obtain,  and  our  knowledge  of 
the  factors  which  enter  into  the  problem  and  the  extent  of  their 
influence  is  so  limited,  that  the  expression  for  these  laws  must 
be  modified  by  observation  and  experience  and  cannot  be 
founded  solely  on  theory.  The  science  of  hydraulics  has  been 
established  by  theoretical  investigation,  substantiated  by  experi- 
mental research,  but  the  range  of  such  research  is  not  satisfac- 
tory or  complete.  In  order  to  fairly  well  cover  the  field  of 
experimentation  on  which  this  science  must  be  based,  it  is  neces- 
sary'' that  such  experimental  work  be  sufficiently  broad  to  cover 
all  conditions  which  might  give  rise  to  variation  in  the  applica- 
tion of  the  principles  which  have  been  established  on  limited 
experimental  data.  Those  who  have  had  to  do  with  such  ex- 
perimental work  recognize  the  large  expense  of  both  time  and 
money  necessary  for  a  careful  and  complete  investigation  of 
even  one  elementary  branch  of  this  science. 

In  th(  hydraulic  laboratory  of  the  University  of  Wisconsin 
various  hydraulic  investigations  have  been  and  are  being  made- 
by  skilled  experimenters  with  the  use  of  the  most  accurate  in- 
struments and  methods  in  order  to  determine  with  the  greatest 
practicable  accuracy  the  fundamental  relations  that  exist  in  the 
various  subjects  under  investigation.  The  expense  in  time  and 
apparatus  is  found  to  be  so  great  that  such  investigations  must  of 
necessity  be  limited  in  extent.  A  considerable  variety  of  hy- 
draulic machines  and  apparatus  is  available  at  the  laboratory 
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for  experimental  research  work,  and  a  considerable  number  of 
students  annually  elect  certain  lines  of  hydraulic  investigation 
for  thesis  subjects.  Such  investigations  are  carried  oh  under 
the  supervision  of  members  of  the  faculty  of  the  department  of 
hydraulic  and  sanitary  engineering,  and  an  effort  is  made  to 
see  that  the  methods  used  are  substantially  correct  and  that  the 
work  done  is  reasonablj^  accurate.  Sufficient  supervision  cannot 
be  given  to  this  work  to  assure  the  highest  degree  of  accuracy, 
and  in  many  cases  the  results  obtained  are  not  satisfactory  and 
are  of  little  value  toward  establishing  hydraulic  principles  or 
illustrating  principles  already  tentatively  established  but  not 
fully  demonstrated  by  experimental  proof.  On  the  other  hand, 
much  of  this  experimental  work,  while  not  of  the  highest  degree 
of  accuracy,  still  illustrates  and  confirms  established  principles 
which  need,  however,  for  their  full  confirmation  more  experi- 
mental determinations  than  are  commonly  available. 

The  practicing  engineer  has  little  time  or  opportunity  for 
experimental  work.  His  calculations,  estimates,  aiid  designs 
must  be  frequently  based  on  principles  which,  while  he  is  obliged 
to  accept  them  in  their  common  form,  he  yet  feels  are  not  as  well 
established  by  practical  demonstration  as  he  might  desire.  In 
many  cases  practical  proof  of  their  application  is  diifieult  of 
access  or  entirely  inaccessible.  In  the  records  of  the  labora- 
tories of  our  colleges  and  universities  is  much  data  of  this  kind, 
which,  if  carefully  selected  and  discussed,  would  be  of  very 
great  value  and  aid  to  the  engineering  profession.  Granting 
that  such  experimental  work  is  liable  to  errors,  the  errors  in- 
volved are  commonly  not  of  as  great  magnitude  as  margins  for 
safety  which  the  engineer  must  allow  in  his  estimate  on  account 
of  lack  of  data  on  which  such  estimates  are  based.  In  a  broad 
subject  like  hydraulics,  quantity  of  data  is  almost  as  essential  as 
quality,  provided  the  quantity  can  be  obtained  without  too 
great  a  deterioration  in  the  quality.  It  is  therefore  the  belief 
oi  the  writer  that  much  of  the  best  student  work,  in  which  the 
errors  of  experiment  are  known  to  be  comparatively  small,  can 
be  made  available  to  the  advantage  of  the  hydraulic  engineer 
and  should  be  made  accessible  with  due  consideration  of  its 
character  and  the  possible  limits  in  its  accuracy. 
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^M'any  of  the  errors  developed  in  siicli  work  are  in  themselves 
not  without  their  value,  foi'  these  \ciy  ci-rors  are  frequently  the 
result  of  conditions  which,  if  repeated  in  actual  installations, 
would  and  do  have  a  similar  effect  on  the  actual  results  obtained. 

It  is  also  to  be  remarked  that  the  errors  in  such  experimental 
work  are  frequently  not  so  large  or  so  important  as  similar  er- 
lors  which  creep  into  practical  field  observations  made  by  prac- 
ticing engineers  who  have  not  the  time,  the  apparatus,  or  the 
experience  to  successfully  perform  experimental  work  with  the 
facility  with  which  it  can  l)e  aecomplislicd  in  a  universitj'  labora- 
tory. In  his  own  practice  as  a  hydiaulie  engineer,  prior  to  his 
connection  with  the  University  of  Wisconsin,  the  writer  has 
recognized  the  importance  of  more  data  on  a  large  variety  of 
hydraulic  subjects.  In  his  work  at  llu'  university  it  has  been 
his  endeavor  to  suggest  to  students.  d(  siring  to  take  up  hydraulic 
research  work,  a  line  of  subjects  foi'  sueli  investigations  on 
which  he  knew  that  further  information  was  desirable.  He 
feels,  therefore,  that  the  results  of  such  investigations  cannot 
be  ^^■ithout  value  to  the  engineering  jirofesdon.  and  ])roposes  to 
offer,  from  time  to  time,  a  discussion  of  such  experiments  as 
will  best  illustrate  important  hydraulic  principles. 
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THE  RELATIONS  OF  EXPERIMENTAL  RESULTS  TO  THE 
THEORY  OF  THE  TANGI-XTIAL  WAFER  WH1:EL 


INTRODUCTION 

While  a  great  many  experiments  with,  or  tests  of,  reaction 
water  wheels  have  been  made  at  the  Holyoke  Testing  Flume, 
and  a  few  trials  of  such  wheels  have  been  made  in  and  under 
their  operating  conditions,  yet  comparatively  few  tests  have  been 
made  of  impnlse  and  tangential  wheels,  and  of  such  as  have  been 
made  and  published,  few,  if  any,  have  been  made  in  sufficient 
detail  to  form  the  basis  of  a  fairly  complete  discussion  of  the 
various  theoretical  relations  and  the  relation  of  theory  to  prac- 
tice in  the  actual  operation  of  such  wheels.  The  principles 
underlying  the  design  of  these  wheels  have  been  quite  thoroughly 
discussed,  but  the  theoretical  results  are  largely  limited  by  prac- 
tical conditions,  and  a  general  discussion  of  these  principles  to- 
gether with  a  practical  application,  as  demonstrated  by  a  fairly 
complete  series  of  tests  on  a  wheel  of  this  character,  is  believed 
to  be  of  considerable  interest  to  the  engineering  public. 

The  basis  of  this  discussion  is  a  series  of  experiments  made  on 
a  12''  Doble  tangential  wheel  by  Messrs.  H.  J.  Hunt  and  F.  M. 
Johnson  at  the  hydraulic  laboratory  of  the  University  of  Wis- 
consin in  the  years  1905-06.  Messrs.  Hunt  and  Johnson,  then 
senior  students  in  the  engineering  department  of  the  University 
of  Wisconsin,  made  these  experiments  as  the  basis  of  a  thesis 
j'or  their  baccalaureate  degree. 

The  results  of  these  experiments  were  only  partly  and  briefly 
discussed  in  the  thesis  and  are  here  considered  in  greater  detail. 

Detailed  tabulated  results  of  these  tests  are  published  in  the 
appendix  to  this  bulletin,  and  all  of  the  results  are  shown  in  the 
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diagrams  accompanying  the  discussion.  These  tests  are  620  in 
number  and  were  made  with  much  care,  and,  while  the  actual 
results  of  the  same  show  a  considerable  variation  from  the  the- 
oretical conditions,  they  may,  as  a  general  proposition,  be  re- 
garded as  no  greater  departure  than  would  ordinarily  be  found 
in  actual  practice.  It  must  be  remembered,  however,  that  the 
wheel  is  a  small  one  and  that  the  element  of  friction  in  bearings, 
etc.,  is  probably  considerably  greater  than  in  the  case  of  most 
larger  machines  under  operating  conditions. 

In  the  preparation  of  this  discussion,  the  writer  has  been 
materially  assisted  in  some  of  the  mathematical  discussions  by 
Mr.  L.  F.  Harza,  and  by  Mr.  W.  J.  AVadsworth  in  the  calcula- 
tions and  in  the  preparation  of  the  diagrams. 

CONDITIONS  OF  THE  TEST 

The  wheel  tested  was  a  12  inch  tangential  wheel,  manufac- 
tured by  the  Abner  Doble  Company  of  San  Francisco.  The 
wheel  was  equipped  with  a  Doble  Needle  Nozzle,  and  was  fur- 
nished wdth  water  from  the  pressure  tank  of  the  University 
AVater  Works  System.  The  hand  wheel  of  the  needle  nozzle  was 
provided  with  a  pointer  and  circular  scale  so  that  the  position 
of  the  needle  during  any  test  could  be  accurately  recorded  and 
reproduced,  if  it  was  found  desirable  to  repeat  any  experiment. 

The  possible  error  in  determining  head  by  reading  the  gage, 
also  the  possible  fluctuations  in  head  due  to  other  uses  of  water 
in  the  laboratory,  and  any  possible  errors  in  resetting  the  valve, 
due  to  lost  motion,  etc.,  although  probably  small,  were  the  same 
quantitatively  for  all  nozzle  openings;  and  the  percentage  of 
possible  error  therefore  was  much  greater  at  smaller  openings 
and  at  lower  heads.  It  will  be  observed  from  the  experiments 
that  the  variations  in  discharge  at  the  smaller  openings  and 
lower  heads  are  among  the  largest  errors  of  this  series  of  tests. 

The  discharge  from  the  w^heel  was  received  in  a  large  galvan- 
ized iron  tank,  and  the  .quantity  of  water  discharged  during  any 
experiment  was  determined  by  weight.  Water  was  furnished 
through  a  supply  pipe  under  about  80  lbs.  pressure,  and  the 
pressure  at  which  water  was  delivered  to  the  nozzle  was  varied 
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jiiid  controlled  by  a  ii'ate  valve  in  the  pipe  some  distance  away 
I'rom  the  wheel.  The  head  actinii'  on  the  turbine  ^^;as  determined 
by  a  Bourbon  pressure  aafje.  carefully  calibrated,  and  connected 
to  the  supply  pipe  a  sliort  distance  from  the  nozzle  entrance  by 
four  one-quarter  inch  pipes,  ninety  degrees  apart.  The  arrange- 
ment of  the  wheel,  friction  bi'ake,  etc.,  is  perhaps  better  shown 
nnd  can  he  better  luiderddod  by  reference  to  Figs.  1,  2,  and  3. 
The  brake  was  of  j;he  ordinary  Prony  type  gripping  a  small 
pulley  7.75  inches  in  diameter  and  Avith  a  4  inch  face,  so  ar- 
ranged that  cold  wattM'  could  be  supplied  to  its  inner  circum- 
ference to  reduce  the  heat  due  to  the  application  of  the  brake 
and  permit  of  more  steady  and  uniform  operation.  The  buckets 
of  this  wheel  are  of  the  well  known  Doble  ellipsoidal  type,  made 
of  gun  metal  carefully  ground  and  smoothly  polished  upon  the 
inner  or  hydraulic  surface.  (See  Fig.  4.)  Fig.  5  is  a  section 
tlirough  the  needle  nozzle.  The  opening  or  area,  a,  of  the  noz- 
zle is  increased  or  reduced  by  withdrawing  or  advancing  the 
needle,  b.  and  the  resulting  jet  of  vvater  is  under  all  conditions 
01  discharge  a  well  defined  solid  stream  of  water,  practically 
free  from  all  currents,  eddies,  or  other  disturbances,  as  shown 
by  the  photograph.  Fig.  6.  The  wheel  is  carefully  balanced, 
and  the  shaft  runs  in  ring  oiling  bearings. 

The  time  of  each  experiment  was  measured  by  means  of  a 
stop  watch  and  the  revolutions  were  determined  by  a  revolution 
counter.  A  slotted  pin  was  screwed  into  a  hole  drilled  in  the 
end  of  the  shaft,  and  the  stem  of  th.e  revolution  counter  fitted 
into  this  slot,  so  that  there  was  no  lost  motion  between  the  shaft 
and  the  counter. 

The  head  of  water  acting  on  the  wheel  was  the  head  shown  by 
the  gage,  reduced  from  pounds  to  feet  by  nuiltiplying  by  2.307. 
To  this  was  added  the  lieight  of  the  gage  above  the  center  line 
of  the  jet  which  was  1.51  feet,  and  the  velocity  head  in  the  pipe, 

h  =  ^tt;.-    whicii  ;it  the  maxiiinuii   was  only  .8  feet. 

Xo  determinations  were  made  of  the  actual  velocity  of  the 
water  from  the  jet  or  of  the  efficiency  of  the  nozzle,  independ- 
ently of  the  machine  itself.  All  tests  made,  therefore,  included 
no/zle  losses.     There  was  also  included  a  small   amount  of  un- 
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Figure  1.— Elevation  akd  Partial  Section  Through  Doble  Wheel. 
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Figure  3. — Doble  Taxgkxtial  Wheel  Arranged  fob  Testing. 


Figure  4. — Doble  Ellipsoidal  Bucket. 
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Figure  5.— Section  Throuoii  Nkkdle  Nozzle  of  Doble  Tangential 

Wheel. 
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Figure  6. — Jet  op  Water   Issuing  from  the    Doble   Tangential  Regu- 
lating XOZZLE. 
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determined  loss  due  to  the  friction  in  the  pipe  and  elbow,  lead- 
ing from  the  pressure  gage  to  the  nozzle  connection,  and  possibly 
a  small  loss  due  to  cross  currents  and  eddies  set  up  by  the  el- 
bows in  the  pipe  leading  to  the  nozzle.  Those  undetermined 
losses  could  not  have  extended  a  small  fraction  of  one  per  cent 
of  the  total  energy. 


NOZZLE  DISCHARGE 

The  wheel  and  nozzle  of  the  tangential  wheel  (see  Fig.  2)  are 
so  arranged  that  the  jet  of  water  leaves  the  nozzle  entirely  free 
and  unimpeded  and  encounters  the  bucket  after  passing  some 
distance  froiii  the  nozzle.  In  consequence  the  nozzle  discharges 
freely,  and  the  discharge  is  not  modified  by  the  relative  motion 
of  the  wheel  as  may  be  the  case  in  other  types  of  turbines. 

The  theoretical  velocity  of  water,  v,  in  feet  per  second,  under 
a  fixed  head,  h,  through  an  opening  or  short  tube  of  area,  a, 
where  the  shape  and  area  of  the  opening  or  tube  are  constant  is 

(1)  V  =  t'2-h 

The  discharge  in  cubic  feet  per  second,  q,  through  such  an 
opening  is  given  by  the  equation 

(2)  q  =cva  =  ca  V2gh 

In  this  equation  c  is  a  coefficient  depending  on  the  character 
of  the  opening  and  is  nearly  constant  for  each  fixed  opening  or 
condition  of  the  nozzle.  For  each  fixed  opening,  the  values  of  c, 
a,  and  i/^g- are  nearly  constant;  their  product,  car2g\  is  equal 
to  the  discharge  of  the  orifice  under  one  foot  head.  Therefore, 
for  each  set  of  experiments  imder  varying  heads  but  with  a 
constant  opening  of  the  nozzle,  the  calculated  value  of  ca  \'2^ 
should  be  identical  except  as  modified  by  experimental  errors. 

The  experiments  which  are  here  considered  were  made  under 
six  conditions  of  nozzle  opening.  To  entirely  open  the  nozzle 
required  10%  turns  of  the  hand  wheel.  The  experiments  were 
made  with  the  nozzle  opened  by  two,  three,  four,  six,  eight,  and 
ten  and  seven-eighths  turns.     Table  I  shows:  1.  The  head  under 
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which  the  experiments  were  made ;  2.  The  discharge  of  the  noz- 
zle under  the  conditions  of  opening  and  the  given  heads;  3. 
The  percentage  of  tlie  discharge  under  the  condition  of  opening 
to  the  discharge  at  the  same  head  witli  the  nozzle  wide  open; 

4.  The  percentage  of  variation  of  each  experiment,  from  the 
average  percentage  of  all  the  experiments  with  a  given  opening; 

5.  The  calculated  discharge  at  one  foot  head,  based  on  each  ex- 
periment; 6.  The  percentage  of  the  calculated  discharge,  under 
one  ft.  head,  to  the  mean  of  the  calculated  discharge  at  full  gate, 
imder  one  ft.  head,  viz.,  .02756. 

The  extent  and  character  of  the  errors  in  discharge  due  to  the 
fluctuating  head  will  be  seen  by  reference  to  Column  5,  and  the 
magnitude  of  the  variation  is  indicated  by  a  comparison  of  the 
percentage  in  Column  4.  The  limits  of  the  experimental  errors 
in  the  entire  set  of  experiments  are  more  readily  shown  by  ref- 
erence to  Fig.  7,  in  which  are  platted  the  calculated  discharges 
under  one  foot  head  for  the  experiments  given  in  Table  I- 
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TAIU.K  I. 

A.CTUAL  AND   RELATIVE     DiSC'HAUGE    OK   NeEDLE    XoZZI.K    OF     DoilLK    TaN- 

(iKNTiAi,  Wheel. 


(Xo/.zIp  open  2  turns) 


Head. 

Discharge 
Sec.   Ft. 

Per  cent  of 
in    Full  Dis- 
charj^e 
(Sameliead). 

Per  cent 
\ariation 

From 
Average. 

Calculated 
Discharge 

1      Ft. 

Head. 

Per   cent    o 
Mean    Dis- 
charge   at 
Full  Gate. 

13.3 

.034 

33.3 

—8.01 

.00931 

33.8 

24.9 

.049 

31.1 

—5.80 

.00984 

35.7 

36.4 

.060 

35.9 

—0.829 

.00995 

36.1 

49.3 

.070 

36.1 

—0.276 

.00998 

36.25 

60.8 

.079 

36.6 

+  1.105 

.01015 

36.8 

72.4 

.087 

37.0 

+  2.21 

.01023 

37.1 

83.5 

.093 

37.1 

+2.485 

.01030 

37.4 

.     95.0 

.099 

37.0 

+  2.21 

.01020 

37. 

108.0 

.105 

36.7 

+  1.38 

.01010 

36.7 

118.4 

.110 

36.8 

+  1.66 

.01010 

36.7 

129.7 

.116 

37.0 

+2.21 

.01020 

37. 

141.5 

.120 

35.8 

-1.105 

.01010 

36.7 

153.1 

.125 

36.5 

^0.829 

.01012 

36.7 

164.6 
Mean 

.130 

36.8 
3().2 

+  1.66 

.01012 

36.7 

.01005 

36.68 

Nozzle  open  3  turns. 


13.3 

24.9 

36.4 

49.3 

60.8 

72.4 

83.7 

95.0 

108.0 

118.4 

129.7 

141.5 

153.1 

164.6 


.053 
.072 
.087 
.102 
.112 
.123 
.  132 
.140 
.  150 
,158 
.165 
,173 
,180 
.185 


Mean. 


52.0 

—0.76 

.01452 

53.0 

—1.14 

.01445 

52.1 

—0.57 

.01445 

52.5 

+0.19 

.01445 

51.9 

—0.95 

.01440 

52.4 

0.00 

.01450 

52.5 

+0.19 

.01445 

52.2 

—0.38 

.01439 

52.4 

0.00 

.01441 

52.8 

-1-0.76 

.01451 

52.6 

+0.38 

.01450 

52.9 

+0.95 

.01457 

52.5 

+0.19 

.01458 

52.3 

—0.19 

.01441 

52.4 

.01447 

52.65 

52.4 

52.4 

52.4 

52.22 

52.58 

52.4 

52.2 

52.25 

52 . 6 

52 .  58 

52.8 

52.82 

52.25 

52.4 
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No/.zlc  open   1   I  iinis. 


Per  cent  of 

Per  cent 

Calculated  Per  cent  of 

Discharge 

in    Full  Dis- 

variation 

Discharge 

Mean  Dis- 

Head. 

Sec.  Ft 

charge 

From 

1    Ft. 

charge  at 

(Same  head) 

.  Average. 

Head. 

Full  Gate. 

13.3 

.067 

66.0 

+0.61 

.01837 

66.6 

24.9 

.089 

65.5 

—0.15 

.01785 

64.75 

36.4 

.110 

66.0 

+0.61 

.01827 

66.22 

49.3 

.127 

05.5 

—0.15 

.01811 

65.7 

60.6 

.140 

64.9 

—1.07 

.01799 

65.2 

72.4 

.154 

65.5 

—0.15 

.01812 

65.73 

83.7 

.165 

65.6 

0.00 

.01808 

65.58 

95.0 

.176 

65.6 

0.00 

.01808 

65.58 

108.0 

.189 

66.0 

+0.61 

.01819 

65.98 

118.4 

.197 

65.9 

+0.46 

.01810 

65.65 

129.7 

.207 

65.9 

+0.46 

.01820 

66.02 

141.5 

.25 

65.8 

+0.30 

.01810 

65.65 

153.1 

.224 

65.4 

—0.30 

.01813 

65.75 

164.6 

.233 

66.7 
65.6 

+  1.67 

.01818 

65.95 

an 

.01813 

65.6 

Nozzle  open  0  turns. 


13.3 

24.9 

36.4 

49.3 

60.6 

72.4 

83.7 

95.0 

108.0 

118.4 

129.7 

141.5 

153.1 

164.6 


.085 
.113 
.139 
.162 
.179 
.198 
.212 
.229 
.240 
.253 
.263 
.275 
.283 
.296 


Mean. 


83.2 

—   .598 

.02330 

84.5 

83.0 

—  .836 

.02267 

82.2 

83.2 

—  .598 

.02.305 

83.6 

83.6 

—  .119 

.02310 

83.8 

82.9 

—   .955 

.02300 

83.4 

84.1 

+   .478 

.02330 

84.5 

84.1 

+   .478 

.02320 

84.1 

84.4 

+   .836 

.02.330 

84.5 

83.9 

+  .239 

.02306 

83.7 

84.6 

+1.075 

.02325 

84.3 

83.9 

+  .239 

.02310 

83.8 

84.1 

+  .478 

.02315 

83.95 

84.0 

+  .358 

.02330 

84.5 

83.6 

—  .119 

.02305 

83.61 

83.7 

.02313 

83.6 
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Noz/le  open  S  turns. 


Per  cent  of 

Per  cent 

ralculated  Per  cent  of 

Discharge 

in    Full  Dis- 

variation 

t)isehargo 

Moan  Dis- 

Head. 

Sec.  Ft 

charge 

From 

1    Ft. 

charge  at 

(Same  head) 

Average. 

Head. 

Full  Gate. 

13.3 

.094 

92.1 

—1.6 

.025S0 

9:5.6 

24.9 

.  127 

93.4 

—  .214 

.02550 

92 . 5 

36.4 

.157 

94.1 

+  .5:m 

.02600 

94.  :5 

49.3 

.180 

92.9 

—  .748 

.0257(1 

9:5.2 

60.8 

.201 

9:5.1 

—  .534 

.02580 

9:5.  () 

72.4 

.219 

9:5.1 

—  .534 

.02580 

9:5.6 

85.7 

.237 

94.1 

+  .5:14 

.02600 

94.3 

95.0 

.254 

94.6 

4-1.069 

.02610 

94.7 

108.0 

.270 

94.4 

+    .855 

.02600 

94.  :5 

118.4 

.282 

94.1 

+    .5:54 

.02()00 

94.3 

129.7 

.294 

93.5 

—   .107 

.02580 

93.6 

141.5 

.307 

94.0 

4-   .427 

.02582 

9:5.7 

153.1 

.320 

93.1 

—   ..5.34 

.02590 

93.9 

164.6 

.332 

9:5.9 

+   .320 

.02590 

93.9 

177.4 

.345 

.02590 

93.9 

93.6 

an 

.02587 

93.8 

No/./. 

e  fully  open 

(open  lOl  turns). 

13.3 

.102 

100 

.02800 

101.6 

24.9 

.136 

100 

.02725 

98.9 

36.4 

.167 

100 

.02770 

100.5 

49.3 

.194 

100 

.02765 

100.3 

60.8 

.216 

100 

.02770 

100.5 

72.4 

.235 

100 

.02760 

100.2 

83.7 

.251 

100 

.02759 

100.1 

95.0 

.268 

100 

.02751 

99.85 

108.0 

.286 

100 

.02755 

100.0 

118.4 

.299 

100 

.02718 

99.7 

129.7 

.314 

100 

.027()1 

100.2 

141.5 

.327 

100 

.02750 

99.8 

153.1 

.343 

100 

.02775 

100.7 

164.6 

.354 

100 

.02(590 

97.6 

3an 

02756 

100.0 
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THEORETICAL   CONDITIONS 

Energy  of  Jet 

The  jet  of  water  spouting  from  the  nozzle  of  the  wheel  will  ac- 
quire a  velocity,  v.  due  to  the  head,  h,  (see  Equation  1)  and  will 
possess  energy  in  foot  pounds  per  second,  E,  due  to  velocity,  v, 
and  weight  of  water  discharged  per  second  (W  =  qw),  as  fol- 
lows : 

Force  Producing  Jet 

The  energy  of  the  .jet  leaving  the  orifice  is  the  product  of  a 
force,  F'.  which,  acting  on  the  weight  of  water,  qw.  for  one  sec- 
ond, gives  it  the  velocity,  v.  The  space  passed  through  by  the 
force  in  one  second  in  raising  the  velocity  from  o  to  v  is 

(4)  S  =  Vat  =  ^ 

and  the  work  is  therefore 

F'v 

(5)  F'S=^ 

which  is  also  an  expression  for  the  energy  of  the  jet.     Therefore 
Ave  may  write 

(6)  l^  =  '^^ 
and  therefore 

(7)  F'=H^. 

8 

Pressure  of  an  Impinging  Jet 

The  force,  F,  will  be  exerted  against  any  obstruction  in  its 
path,  and  its  magnitude  will  depend  on  the  momentum  of  the 
moving  stream  of  water  and  is  directly  proportional  to  its  veloc- 
ity. It  is  also  a  function  of  the  angle  through  which  the  jet  is 
deflected.  If  friction  be  ignored  the  stream  will  be  diverted 
without  change  in  velocity  and  the  force  exerted  in  the  original 
direction  of  the  jet  wnll  be  equal  to  the  momentum  of  the  original 
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strcjiiii  less  the  coin p( iiicnt.  in  the  (ii-i<,ni)al  (lii'cctioii.  of  the  mo- 
iiH'iituni  (if  tlic  (lixfi'tcd  jet.      (Sec  Fij;.  8.) 


(8) 


(IWV"  CiW\'  (|\V\' 
-5—    COS   ,'»   =  (1    —  COS   '0. 


FuitiKK  8.-  FoKi  I.  (II'   1  )i\  KKc.iNc;  .Iirr. 


If  the  jet  impinges  against  a  fhit  surfaee  (see  Pig.  9),  a  ^90°, 
COS  a  =  <),  and 


V  ^  ''^^'^.* 


If  the  jet  is  (h'Hected  180°  by  means  of  a  scmi-ciivnhn-  bucket, 
cos  18()'~  = — 1.  and  tlierefoie   (see  Fig.  10), 


(10) 


,,  ^  o  'J^:^'. 


I'resscrk  ox   Moving   l'r(^KKTs 


Tangential  wheels  utili/i^  the  inipnlsive  force  of  a  jet  im])ing- 
ing  against  buckets  attaeln d  to  Iheii'  circninferenc(^  and  ])i-acti- 
cally  semi-eireular  in  section. 

11 '.).-,! 
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FiGUBE  9 Jet  Diverging  90°. 


Figure  10. — Jet  Diverging  180°. 
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The  bucket  must  move  under  the  impulse  in  order  to  trans- 
fonn  the  energy  of  the  impact,  and  the  ratio  of  v',  the  velocity 
of  the  center  of  the  buckets,  to  the  velocity,  v,  of  the  jet,  is 
indicated  by  ^  or, 

(11)  '^^V' 

The  force,  F,  exerted  on  the  moving  bucket  is  dependent  on 
the  relative  velocity,  Vr,  of  the  bucket  and  jet. 

(12)  Vr  =  V  —  ^  V  =  (1  _  0)  V. 

The  relative  weight  of  water  that  strikes  a  single  bucket  per 
second  will  also  be  less  on  account  of  the  movement  of  the  buck- 
ets. But  as  new  buckets  constantly  intercept  the  path  of  the 
jet,  the  total  amount  of  water  effective  is  equal  to  the  total  dis- 
charge of  the  jet,  hence  from  Equation  8 

(13)  F  =  a—  cos  a)  '^^  (1  _  <(>). 


Most  Efficient  Speed 

The  energy  expended  on  the  buckets  per  second  is  equal  to 
the  force,  F,  times  the  distance,  0v,  through  which  it  acts,  i.  e. 

(14)  E4  =  (1  —  cos  a)  (1  —  0)  '^  0v. 

This  is  a  maximum  when  (1  —  ^)  <?^  is  a  maximum  or  when  (f>  = 
0.5.     Substituting  <^  =  .5  and  a  ^=  180°  above,  we  then  obtain : 

or  E4  equals  the  entire  energy  of  the  jet.     (See  Equation  3.) 
Another  criterion  for  maximum  efficiency  is  that  the  absolute 

velocity  of  the  water  in  leaving  the  bucket  should  be  minimum. 
"Wlien  a  =  180°,  the  absolute  velocity  with  which  the  water 

leaves  the  bucket  is  evidently  the  velocity  relative  to  the  bucket 

minus  the  velocity  of  the  bucket,  or 

(Ifn  V,-  =  (1  —  0)  V  —  (pv  =  V  -    20V, 

from  which,  for  maximum  efficiency,  v  —  2<f>y  =  0  or  0  =  0.5. 
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It  is  also  evident  rnun  Equation  14  that  E^  will  equal  zero 
wlienever  0  =  0  or  p  =^  1.  In  the  first  ease  the  entire  energy 
of  the  jet  is  expended  in  pressure  against  the  bucket  with  no 
motion  and  (•onso(|uontly  no  power  results.  In  the  last  case, 
the  bucket  moves  as  fast  as  the  water  and  no  pressure  or  power 
results. 

Energy  Lost  in  Discharge 

In  an  impulse  wheel  it  is  not  practicable  to  change  the  di- 
rection of  the  water  through  180°  as  it  would  then  interfere 
with  the  succeeding  bucket.  (See  Fig.  10.)  The  angle  a  must 
hence  be  less  than  180°  and  the  absolute  velocity  of  the  water 
in  leaving  the  buckets  cannot  be  zero.  The  loss  from  this  source 
is  small  as  angle  a  may  differ  considerably  from  180°  without 
much  effect  on  the  bucket  pressure,  and  hence  on  the  efiSciency. 

For  example,  the  ratio  of  actual  bucket  pressure  for  any  angle 
a  to  maximum  possible  pressure,  with  a  =  180°,  is 

(1  —  cos  a)  qw  (1  _  0)  (1  _  0)  v  _   1  —  cos  -r 
^     '  (1  —  cos  180°)  qw  (1  —  0)  (1  —  </>)  V    1  —  cos  180° 

1  —  cos  a        1  -\-  cos  /:(       ,^-,   „.   _,  „  , 
=r = (See  Fig.  10.) 

If  ^r:=8°.  a  =  172°   and  L=-|^^  ==.995,  showing  only  K 

per  cent,  reduction.     The  effect  on  the  efficiency  is  in  the  same 
ratio. 

Graphical  Illustration  of  Flow 

Fig.  11  illustrates  graphically  the  flow  of  water  into  and 
through  the  bucket  of  a  tangential  wheel  at  the  most  economical 
relative  velocity.  The  bucket  is  double,  each  half  being  essen- 
tially semi-circular  in  section,  v  is  the  absolute  velocity  of  the 
jet;  v'  is  the  absolute  velocity  of  the  bucket;  Vr  is  the  relative 
velocity  of  the  jet  in  relation  to  the  bucket:  or  Vr  =  (1  —  0)  v. 

The  bucket  is  moving  in  the  direction  BB'  and  occupies  suc- 
cessively the  positions  indicated  by  the  vertical  lines  a,  a^.  a,, 
etc.,  in  equal  intervals  of  time.  The  water  moves  along  the 
surface  of  the  bucket  with  a  uniform  velocity,  Vr,  passing  suc- 
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Figure  11. — Graphkal  Illustration  of  Flow  in  Taxgkxtial 

Buckets. 
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cessively  through  equal  distances,  indicated  on  the  surface  of 
the  bucket  by  the  lines  b,  b^,  bo,  etc.,  in  equal  intervals  of  time. 

At  each  of  these  successive  points,  the  jet  has  changed  its  di- 
rection and  its  absolute  velocity.  Its  path  through  space  is 
represented  bj'  the  line  BCD.  The  change  in  velocity  is  repre- 
sented by  the  absolute  velocity  curve,  EF,  in  which  ordinates 
are  the  resultants  obtained  by  applying  the  principle  of  triangle 
of  velocities  to  corresponding  velocities  of  the  bucket  and  of  the 
water  relative  to  the  bucket. 

At  the  time  of  entering  the  bucket,  the  stream  has  the  absolute 
velocity,  v,  represented  by  the  length  of  the  lines  6E  and  GE' 
in  the  lower  diagram,  w^hile  its  velocity  relative  to  the  bucket 
is  constant  and  equal  to  Vr,  equal  to  the  length  of  lines  GH  and 

GH'.     For  the  most  efficient  speed,  Vr=  —  • 

At  the  end  of  the  first  interval  of  time,  the  jet  has  moved 
from  the  original  point  of  contact  with  the  bucket,  b,  to  the 
position  b^.  Its  direction  and  velocity  in  the  upper  half  of  the 
bucket  are  represented  by  the  radius  GI  in  the  lower  velocity 
diagram,  v'  =  <^v,  is  constant  both  in  magnitude  and  direction, 
and  this  is  laid  off  in  the  lower  diagram  on  the  line  IJ.  The 
resultant  of  these  two  velocities  is  represented  bj^  the  line  GJ 
which  is  the  absolute  velocity  of  the  water  in  space,  and  to  in- 
dicate the  velocity  of  the  water  at  this  instant  is  laid  off  for 
the  purpose  of  the  velocity  diagram  on  the  ordinate  a^,  from 
the  axis  GF  as  0  in  the  lower  diagram.  In  the  same  manner 
each  of  the  remaining  points  on  the  velocity  curve  EF  is  con- 
structed. 

The  jet  leaves  the  bucket  as  shown  with  a  velocity,  relative 
to  the  bucket,  of  (1  —  ^)  v.  If  this  velocity  is  combined  graph- 
ically with  the  velocity  of  the  bucket,  ^v,  the  true  absolute  re- 
sidual velocity,  Vr,  of  the  water  will  be  obtained.  The  efficiency 
is  evident]}^  maximum  v/hen  0  has  a  value  which  makes  Vr  a 
minimum.  This  condition  can  be  shown  to  obtain  when  the 
triangle  is  isosceles  or  when 

0v  =  (1  —  0)  V  which  gives 
0  =  0.5 

as  obtained  by  two  other  methods. 
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EFFICIENCY 

The  efficienej^  of  the  tangential  wheel  is  the  ratio  of  the  energy- 
delivered  by  the  wheel  to  the  energy  which  is  supplied  to  the 
wheel,  but  the  term  efficiency  may  have  various  significations, 
dependent  on  where  the  energy,  resulting  or  applied,  is  measured. 

If  the  applied  energy  is  measured  in  the  forebay,  the  energy 
available  is  expressed  by 

(18)  E,   =  qwh. 

The  energy  just  before  entering  the  nozzle  is 

(19)  Eo  =  <i\v  (h-^  h"). 

The  energy  of  the  jet  is  (see  equation  3) 

and  the  theoretical  energy  delivered  to  the  bucket  is  (see  equa- 
tion 14) 

_  qw0  (1  —  (p)  (]  --cos  ci)  V- 

JHj       — 

*  cr 

o 

If  E'  represents  the  foot  pounds  of  work  actually  delivered 
by  the  wheel  per  second,  then 

E'  ' 

1 20)        :=-    =  the   elliciencv  of  the  entire   installation,    includinjc:  head- 
Ei 

works,  pipe,  jet,  buckets,  bearhigs,  etc.  * 

E' 

(21)  =^    =  the  efficiency  of  the  complete  water  wheel,  includinii:  nozzle, 

buckets,  bearings,  etc. 

E' 

(22)  =-   =  the  efficiency  of  the  wheel,  including  buckets  and  bearings 
E.1 

only. 

E' 

(23)  — -    =    the  etficiertcv  of  wheel,  including-  buckets  and  bearings, 
E4 

and  taking  speed  ot  wheel  into  account. 
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KFKKMKXCy  OF  lirCKETS 

The  tht'orotioal  pressure  exerted  on  the  buckets  of  practically 
circular  cross  section  when  at  rest  is  (see  equation  10) 

^  _  2qwv 

In  testing  the  wheel  with  the  Prony  brake,  the  actual  force 
or  j^ressure  of  the  jet  against  the  buckets  when  the  wheel  is 
stationary  is  measured  by  the  pressure  indicated  on  the  scale, 
multiplied  by  the  ratio  of  the  length  of  brake  arm  to  the  wheel 
radius. 

(24)  ^a=JL 

and  the  bucket  efficiency  is  the  ratio 
<25)  e,  =  ^. 

Efficiencies  at  Rest 

In  the  experiments  in  Table  II,  the  wheel  was  held  stationary 
by  the  brake.  The  wheel  was  not  arranged  so  that  the  jet 
would  strike  the  buckets  squarely,  but  was  taken  in  the  position 
that  it  chanced  to  stop,  as  no  single  position  could  be  considered 
as  fairly  representative. 

In  general  these  experiments  show  that  the  efficiency  is  higher 
as  the  quantity  of  water  is  reduced.  In  other  words :  the  smaller 
the  quantity  of  water,  the  more  efficiently  the  jet  acts  on  the 
bucket.  This  is  also  clearly  demonstrated  in  the  characteristic 
curves  hereafter  considered. 

It  should  be  noted  also  that  the  theoretical  velocity  of  the 
water  is  used  as  the  basis  for  calcuUition,  so  that  the  measure- 
ments made  may  be  regarded  as  representing  the  combined  effi- 
ciency of  nozzle  and  buckets,  windage  and  journal  friction  being 
practically  eliminated  in  the  stationary  buckets. 

From  equation  13, 

F  =  (1  -  cos  a)  ^^^  (1        </.). 


Assume  a  semi-circular  bucket  (cos  a  ^  —  1).     Then 

g 
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TABLE    II. 

Calculated  AND  Measured  Pres-sikk  tti--  Jet  on  Stationaky 

Bu(  KETS  Under  Various  Heads  and  With  Various  Nozzle  Openings 

(2  turns  of  nozzle). 


Per  cent 

Head   in 
feet. 

Discharjjo 
in  sec.     ft. 

Calculated 

pressure 

lbs. 

Measured 

pressure 

lbs. 

Per  ceni 
eniciency. 

variation 

4-  or  — 

from  mean 

efficiency. 

13.:} 

.034 

3.85 

3.875 

100.50 

+9.70 

24.9 

.049 

7.60 

7.625 

100.20 

4-9.05 

36.4 

.060 

11.25 

10.625 

94.50 

-f3.16 

49.3 

.070 

15.25 

14.125 

92.60 

-^-1.09 

60.8 

.079 

19 .  20 

17.375 

90.50 

—1.20 

72.4 

.087 

23.00 

20.375 

88.50 

—3.38 

83.7 

.093 

26.42 

23.625 

89.50 

—2.29 

95.0 

.09!) 

30.00 

26.025 

89.00 

—2.84 

108.0 

.105 

34.00 

30.125 

88.50 

—3.38 

118.4 

.110 

37.20 

33.375 

89.00 

—2.18 

129.7 

.116 

41.10 

36.375 

88.40 

—3.49 

141.5 

.120 

44.50 

39.875 

89.60 

—2.18 

153.1 

.125 

48.00 

43.125 

90.00 

'     —1.75 

164.6 
3an 

.130 

52.30 

46.()25 

89.40 
91.60 

—2.40 

3  turns  of  nozzle. 


13.3 

05:'. 

6.00 

5.875 

24.9 

072 

11.15 

10.:i75 

36.4 

087 

16.30 

14.025 

49.3 

102 

22.30 

19.125 

60.8 

112 

27.20 

23.625 

72.4 

123 

32.50 

28.125 

83.7 

1:52 

37.50 

33.375 

95.0 

140 

42.50 

37.675 

108.0 

150 

48.40 

42.625 

118.4 

158 

53.10 

46.875 

129.7 

165 

58.40 

51.625 

141.5 

17:? 

64.90 

.56.875 

153.1 

180 

09.30 

61.875 

164.6 

185 

74.30 

66.125 

oan 

98.00 

+9.99 

93.00 

+4.33 

89.70 

+  0.67 

85.80 

—3.70 

87.00 

—2.37 

86.60 

—2.80 

89.00 

—0.11 

88.00 

—0.57 

88.40 

—0.79 

88.10 

—1.12 

88.60 

—0.57 

86.00 

—3  48 

89.20 

+0.11 

89.10 

0.00 

89.10 
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4  (urns  of  nozzlo. 


Head  in       Discharge      pressure       pressure 
feet.        in  sec.    ft.         lbs. 


13.3 

24.9 

36.4 

49.3 

60.8 

72.4 

83.7 

95.0 

108.0 

118.4 

129.7 

141.5 

153.1 


067 

7.59 

089 

13.80 

110 

20.65 

127 

27.70 

140 

38.90 

154 

40.70 

165 

47.00 

176 

53.. 30 

189 

61.00 

197 

66.20 

207 

73.30 

215 

79.60 

224 

86.10 

easured 
pressure 
lbs. 

Per  cent 
eflBciency. 

Per  cent 
variation 

+  or- 
f  i-nm  mean 
efficiency. 

6.375 

84.00 

+0.60 

11.375 

82.50 

—1.19 

16.875 

81.60 

—2.28 

22.875 

82.60 

—1.08 

28.375 

83.50 

0.00 

33.625 

82.70 

—0.96 

38.875 

82.70 

—0.96 

44.375 

83.10 

—0.48 

49.875 

81.60 

—2.28 

56.125 

85.00 

+1.80 

61.375 

83.60 

+0.12 

67.875 

85.10 

+1.92 

73.125 

85.00 

+1.80 

Mean 


83.50 


6  turns  of  nozzle. 


13.3 

24.9 

36.4 

49.3 

60.8 

72.4 

83.7 

95.0 

108.0 

118.4 

129.7 

141.5 

153.1 

164.6 


085 

9.61 

113 

17.50 

139 

26.10 

162 

35.40 

179 

43.50 

195 

51.60 

212 

60.20 

227 

68.90 

240 

77.50 

253 

85.00 

263 

93.10 

275 

105.50 

288 

111.00 

296 

119.00 

Mean, 


8.125 

84.50 

+5.10 

14.575 

83.30 

+3.61 

21.125 

81.00 

+0.75 

26.625 

75.40 

—6.22 

35.375 

81.30 

+  1.12 

41.875 

81.00 

+  0.75 

48.125 

80.00 

—0.50 

54.875 

79.60 

—1.00 

61.625 

79.60 

—1.00 

68.625 

80.80 

+0.50 

73.875 

79.20 

—1.49 

81.625 

77.50 

—3.61 

88.125 

79.50 

—1.12 

95.500 

80.20 
80.40 

—0.25 
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8    turns  of  nozzle. 


Per  cent 

Calculated 

Measured 

variation 

Head  iu 

Discharge 

pressure 

pressure 

Per  cent 

+  or — 

feet. 

in  sec.    ft. 

lbs. 

lbs. 

efficiency. 

from  mean 
efficiency . 

13.3 
24.9 

.094 

11.62 

8.50 

73.00 

.127 

19.70 

15.75 

84.40 

4-2.00 

36.4 

.157 

29.40 

24.50 

83.50 

-f0.91 

49.3 

.180 

39.30 

32.25 

82.70 

—0.60 

60.8 

.201 

48.70 

40.25 

82.50 

—0.31 

72.4 

.219 

57.90 

48.25 

83.50 

+0.91 

83.7 

.237 

67.50 

56.00 

83.00 

+0.31 

95.0 

.2.54 

77.00 

64.25 

83.50 

+0.91 

108.0 

.270 

87.30 

72.25 

82.90 

4-0.18 

118.4 

.282 

94.90 

79.75 

84.00 

+1.50 

129.7 

.294 

104.10 

87.50 

84.00 

+  1.50 

141.5 

.307 

113.50 

95.25 

84.00 

+1..50 

153.1 

.320 

123.00 

102.75 

83.50 

+0.31 

164.6 

177.4 

.332 
.345 

133.10 

142.50 

- 

ean 

82.75 

lOi  turns  of  nozzle  (full  gate). 


13.3 

.102 

11.55 

9.50 

82.20 

+  1.36 

24.9 

.136 

21.00 

16.25 

77.40 

—4.56 

36.4 

.167 

31.40 

25.25 

80.50 

—0.74 

49.3 

.194 

42.40 

34.50 

81.50 

+0.49 

60.8 

.216 

52.40 

41.75 

80.00 

—1.36 

72.4 

.235 

62.00 

49.75 

80.30 

—0.99 

83.7 

.251 

71.40 

57.25 

80.30 

—0.99 

95.0 

.268 

81.20 

66.25 

81.60 

+0.62 

08.0 

.286 

92 .  50 

74.25 

80.40 

—0.86 

118.4  .299             101.00                  83.25  82.50  +1.73 
129.7               .314             111.20                  90.75  82.40  +1.60 

141.5  .327             121.00                  99.50  82.20  +1.36 
153.1               .343             132.00                107.50  81.. 50  +0.49 

Mean 81.10 
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In  order  to  aoeoimt  as  nearly  as  possible  for  the  losses  under 
all  conditions  of  operation,  an  analysis  was  made  as  follows: 

It  was  first  assumed  that  the  two  conditions  which  almost  en- 
tirely control  bucket  efficiency  are  (1)  quantity  of  water  flow- 
ing over  a  single  bucket  in  cubic  feet  per  second;  (2)  velocity 
of  the  water  over  the  surface  of  the  bucket.  The  former  is 
represented,  when  the  bucket  is  in  motion,  by   (1  —  0)  q,  and 

the  latter  by  (1  —  0)   V2gh. 

It  can  be  assumed  with  reasonable  accuracy  that  the  running 
efficiency  of  the  buckets  is  equal  to  the  stationary  efficiency 
when  these  two  expressions  are  equal. 

When  the  buckets  are  stationary,  journal  friction  can  be 
nearly  eliminated  from  the  measurements  and  windage  is  absent. 
The  combined  bucket  and  nozzle  efficiency  can  therefore  be  de- 
termined for  a  stationary  bucket  and  applied  to  a  moving  bucket. 
No  method  was  available  for  distinguishing  between  bucket  and 
nozzle  losses,  but  the  entire  loss  is  considered  as  bucket  loss  since 
the  nozzle  loss  is  kno^^Ti  to  be  very  small.  (See  bulletin  No.  6 
of  the  Abner  Doble  Co.) 

For  a  stationary  bucket 

(1  —  0)  q  =  q  and 

(1  —  0)    V2gh=A/2gh. 

All  experiments  with  fixed  buckets  were  therefore  platted  in 
Fig.  12  with  q  as  ordinates  and  A/2gh  as  abscissas,  writing  be- 
side each  platted  point  the  efficiency  obtained  in  that  experiment. 

It  Avill  be  noted  that  for  eight  turns  of  the  regulating  needle, 
the  efficiency  was  higher  than  on  either  side,  tending  to  show 
two  maximum  points  in  the  curve  for  any  constant  value  of 
(1  —  0)  V2gh.  This  is,  of  course,  incorrect  relative  to  the 
other  gate  openings  and  probably  due  to  a  different  position  of 
the  bucket  which  received  the  w'ater  during  this  set  of  readings. 

Two  sets  of  readings  (Fm  and  Cg)  were  then  analyzed  to  de- 
termine the  effect  of  windage  and  journal  friction.  The  points 
were  platted  in  Fig.  12  with  (1  — 0)  q  and  (1  —  0)  V2gh.  as 
arguments  and  the  efficiency  of  the  buckets  then  estimated  from 
the  nearby  points  as  determined  by  the  fixed  buckets. 
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TIk^  tlu'orotical  pressure  on  the  bucket  as  given  by  equation  26 
(assuming  a  =  180°),  multiplied  by  the  bucket  efficiency  and 
decreased  by  the  measured  pressure  on  the  bucket,  gives  the  loss 
of  pressure  due  to  windage  and  journal  friction. 

The  computation  is  shown  in  Table  III  for  series  Fm  and  in 
Table  IV  for  series  Cg. 


SERIE8  Fm. 


TABLE  III 
FuLii  Valve   Opening.     Head  =  153.5'  q^ 


.344. 


1 

-;  o  a) 

4> 

1  Ml 

.2  3 

ts  a  o 

3  X  o 

y  ao 

,  3 

1536.4 

4 

79.9 

.0692 

19.9 

26.7 

83.5 

22.3 

18.3 

;313.0 

20 

69.2 

.106 

30.6 

40.9 

82.0 

33.5 

13.5 

1153.4 

32 

59.1 

.141 

40.5 

54.35 

77.0 

41.8 

9.8 

994.9 

44 

52.4 

.164 

47.2 

63.25 

80.0 

50.6 

6.6 

808.9 

56 

42.6 

.197 

56.9 

76.20 

81.0 

61.7 

5.7 

629.8 

68 

33.2 

.230 

66.3 

88.8 

80.0 

70.7 

2.7 

410.4 

80 

21.8 

.269 

77.5 

100.4 

81.0 

81.5 

1.5 

0. 

107.5 

0. 

.344 

99.2 

132.75 

81.0 

107.5 

0. 

TABLE  IV. 
Series  Cg.     Valve  Opening  66  Per  Cent.     Head  =  83.7'     q  =.1654. 


2d  • 

<i> 

6* 
1 

L? 
^ 

Oi  3  a> 
a;  .1-  g 

gao 

a 
OS-' 
I.0.2 

1148 

0 

.818 

.0301 

13.35 

8.. 59 

92. 

7.9 

7.9 

1042 

4 

.743 

.0425 

18.84  " 

12.13 

90. 

10.92 

6.92 

904 

10 

.644 

.0589 

26.1 

16.80 

87. 

14.62 

4.62 

584 

22 

•   .416 

.0965 

42.8 

27.55 

82.2 

22.65 

0.65 

740 

16 

.527 

.0783 

34.7 

22.30 

83.3 

18.60 

2.60 

3« 

28 

.261 

.1221 

54.1  ■ 

34.85 

82.2 

28.65 

0.65 

141 

34 

.1005 

.1487 

65.9 

42.4 

83.1 

35.25 

1.25 

0 

38.87 

0. 

.1654 

73.3 

47.2 

82.7 

39.0 

0. 
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Fitr.  l:>  sliows  t]i(»  windafjo  and  friction  effect  as  a  function 
of  tlic  V.  p.  111.  of  llic  wheel,  and  Fig.  14  shows  this  for  series  Fm 
in  terms  of  the  square  of  the  r.  p.  m.  It  is  evident  from  both 
figures  that  the  pressure  on  the  bucket  recjuired  to  maintain  a 
given  speed  of  the  runner  without  other  load  than  that  due  to 
journal  friction  and  windage  varies  as  the  square  of  the  speed 
of  rotation. 


F  15 


^    5 


^^ 

^:^ 

^^^ 

^^""^^      CI 

^^^^ 

(r.  p.  k)^ 

FiGUKE  14. — Relation   op  Journal   Friction   and   Windage   to  the 

Square  op  the  R.  P.  M. 


Rased  on  equation  26  we  may  write  an  equation  for  the  actual 
efficient  pressure  on  the  buckets  under  various  speeds  as  follows: 


(21 


„  2.825  qwt''h 


In  the  equation 

p  =  r'n^ 

from  the  two  series  of  experiments  which  were  investigated, 
r'  =  .0000078  n^   (From  Series  Fm). 
r' r=  .0000056  n-   (From  Series  Cg). 
[510] 
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Effkct  of  Diameter  of  Wheel  and  Nozzle  on  Power 

As  tlie  j)()\\cr  delivered  to  the  wheel  varies  with  the  discharge 

of  tlie  nozzle  (equation  18)  Pe  =^   '1^,^    and  the  discharge  varies 

with  the  area  of  the  nozzle  (equation  2)  q  =  ca  \''2gh,  it  is  evi- 
dent that  Avith  nozzles  of  homogeneous  designs,  that  is  with  noz- 
zles so  c'oustrueted  tluit  the  coefficient  of  discharge  (c)  for  various 
openings  will  remain  constant  for  each  condition  of  gate  open- 
ing, the  discharge  of  the  wheel  and  therefore  the  power  of  the 
wheel  will  vai-y  directly  with  d-  wheio  d  is  the  diameter  of  the 
nozzle. 

It  is  also  evident  that  the  rehition  of  the  diameter  of  the  jet 
to  the  size  of  the  bucket  is  important  and  that  the  size  of  the 
bucket  must  also  increase  with  tlie  increased  diameter  of  the 
nozzle  if  the  same  efficiency  is  to  be  maintained.  The  efficiency 
and  power  of  the  wheel  depend  on  the  relative  teloeity  of  bucket 
and  jet.  The  diameter  of  the  tangential  wheel,  therefore,  has  no 
theoretical  effect  on  its  power  but  only  on  the  number  of  revolu- 
tions per  minute. 


DEVELOP^IENT  OF  ]\rECHANICAL  ENERGY 

The  purpose  of  the  tangential  wheel  is  to  convert  the  energy 
of  Avater  into  mechanical  energy.  The  energy  of  the  water,  in 
foot  pounds  per  second,  is   (see  equation  18), 

El  =  qwh. 

The  mechanical  energy  developed  at  the  turbine  shaft  as  meas- 
ured by  the  Prony  brake,  in  foot  pounds  per  second,  is  given 
by   the   equation 

^^^^  ^        GOXIO' 

In  e(|nation  28,  L  is  the  brake  resistance  in  ounces,  as  indi- 

cated  on  the  scales,  and     ^n       '^  ^''*'  ^P'^'ce  passed  through  or 

[5111 
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displacement  per  set-oiul  of  wtiich  "  is  a  constant.  The  rela- 
tions between  (L)  and  (n),  as  determined  by  the  experiments, 
and  the  rchitions  actually  found  to  exist  between  resistance  and 
speed  nnder  a  95  foot  head  and  at  the  various  gate  openings,  are 
shown  in  Fitr.  15. 


EFFECTS  OF  SPEED  ON  POWER 

The  conditions  that  exist  in  the  tangential  wheel  under  opera- 
tion are  essentially  as  follows :  The  water  leaves  the  nozzle  with 
a  velocity,  v,  and  acts  on  a  moving  surface  of  the  bucket.  If 
no  friction  loss  were  sustained,  the  wheel  would  acquire  a  veloc- 
ity equal  to  the  moving  jet  of  water, — that  is  to  a  theoretical 
velocity  equal  to  that  due  to  the  head.  As  there  are  necessarily 
friction  losses  in  all  wheels,  the  actual  speed  of  the  bucket  will 
always  be  less  by  -a  certain  percentage  of  velocity,  which  is  lost 
in  overcoming  the  friction  of  the  wheel,  windage,  bucket  losses, 
etc.  The  velocity  of  the  bucket  or  wheel,  to  which  reference  is 
here  made,  must  be  measured  at  the  center  or  point  of  applica- 
tion of  the  jet  acting  on  the  wheel.  This,  in  the  tangential 
wheel,  is  practically  at  the  center  of  the  hydraulic  surface  of 
the  bucket.  Under  the  theoretical  condition  of  a  frictionless 
wheel,  it  is  evident  that  when  the  resultant  velocity  of  the  water 
and  of  the  buckets  of  the  wheel  are  the  same,  the  water  can 
produce  no  pressure  on  the  buckets  and  the  wheel  can  deliver 
no  power.  It  is  also  evident  that  in  actual  operation  of  the 
wheel  when  the  velocity  of  the  wheel  is  such  that  the  impulse  of 
■  the  jet  is  only  sufficient  to  create  the  pressure  on  the  bucket  nec- 
essary to  overcome  the  friction  and  other  losses  that  the  wheel 
can  deliver  no  power. 

Reduction  in  Maximum  Speed  at  Part  Gate 

In  a  frictionless  wheel  the  maximum  velocity  of  the  wheels 
should  be  equal  to  the  velocity  of  the  water  and  the  same  at  all 
gate  openings  under  a  fixed  head,  for  the  velocity  of  the  jet  of 
water  from  any  nozzle  opening  would  be  theoretically  the  same 
under  all  openings. 

[513] 


MEAD— 'rilK-   TAXfJKN'lIAL    WATini    WIIKKL 


43 


0  100  200  300  400         500  BCD  700  300  900  1000         1100         ISOO         I3C0         MCG 

REVOLUTIONS    PER     MINUTE 

Figure  15 — Relation  Betw^cen  Resistance  and  Speed  T'xdek  !)5-Foot  Head. 
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Tn  \ho  nctuiil  wheel    i  sec  e<|u;ition  18). 

E^  =  qwh. 

As  (q)  is  modified  by  the  gate  opening,  and  as  the  friction 
and  windage  of  the  wheel  are  fairly  constant,  a  greater  propor- 
tion of  the  energy  of  the  jet  at  part  gate  is  absorbed  in  over- 
coming these  losses  than  at  full  gate,  and  therefore  the  maximum 
speed  of  the  wheel  at  part  gate  is  less  than  at  full  gate. 

Relation  op  Speed  and  Resistance 

As  soon  as  resistance  occurs,  the  speed  of  the  wheel  will  be 
reduced  in  order  that  the  momentum  of  the  water  may  be  con- 
verted into  pressure.  This  pressure  will  increase  as  the  speed 
or  the  velocity  of  the  bucket  decreases  until  the  maximum  pres- 
sure results  Avhen  the  bucket  is  at  rest.  These  conditions  are 
illustrated  in  the  experiment  on  the  12"  Doble  wheel  and  are 
shown  in  Fig.  15  in  which  the  resistance,  L,  is  measured  as  ordi- 
nate, and  the  number  of  revolutions  per  minute,  n,  is  measured 
as  abscissas. 

Relation  of  Speed  and  Power 

The  actual  space  passed  through  by  the  resistance  (L)  is  the 
number  of  revolutions  per  minute  (n)  multiplied  by  27rl,  and  the 
actual  power  generated  by  the  wheel  will  be  (from  equation  28) 

Fig.  16  shows  the  actual  horse  power  developed  by  the  wheel 
under  95  ft.  head  and  wnth  various  conditions  of  nozzle  opening. 
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BASIS  FOR  COMPARISON  OF  EXPERIMENTS  UNDER 
VARIOUS  HEADS 


From  equations  1  and  11 


V 


V 


V         V2gh 
The  velocity  of  the  periphery  of  the  wheel  may  be  expressed 

by 

Dttii  Dnn 


(30) 

^          12  X  60          720  ■ 

Hence 

l);rn                           Dn 

(31) 

(p  =           =  .000543     _  =  .000543  Dn, 

720  V2gh                      Ml 

and 

(32) 

Dn 

-^   =  Dn,  =  1842  <t>. 

Ml 

As  (D)  is  constant  for  any  given  wheel,  the  revolutions  under 
one  foot  head  (nj  vary  directly  with  0,  and  hence  conditions 
under  various  heads  may  be  readily  compared  by  reducing  the 
revolution  of  the  experiment  to  the  comparative  revolutions  at 
one  foot  head,  which  should  be  similar  for  all  similar  values  of  0. 

The  pressure  on  the  bucket  is  theoretically  (see  equation  10) 

o 

Combining  this  equation  with  Equations  1  and  2, 

(33)  F  =  4wcah  (1—0). 

Hence,  as  4wca  is  constant  for  the  same  nozzle  opening,  the  pres- 
sure. F,  should  vary  directly  with  h,  if  <^  is  constant,  and  in 
order  to  compare  experiments  at  different  heads,  the  pressure, 
F,  may  be  reduced  to  the  corresponding  pressure  at  one  foot 
head  and  should  be  found  constant  if  (f>  is  constant. 
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The  brake  load,  L.  which  is  the  experimental  measure  of  the 
pressure,  F,  and  differs  from  it  only  by  friction  loss  and  wind- 
age is  reducible  in  the  same  manner. 

From  these  principles  it  is  apparent  that  if  the  experiments 
made  under  various  heads  be  reduced  to  the  corresponding  re- 
sistance and  revolutions  under  one  foot  head,  that  the  results  of 
all  experiments  should  for  similar  i-olations  of  0  and  valve  open- 
ing, correspond  within  the  limits  of  experimental  error. 

Kelation  of  Experimental  Speed  and  Resistance 

Figs.  17  to  22  show  Ihc  i-csults  of  the  entire  series  of  experi- 
ments with  the  wheel  reduced  to  the  basis  of  one  foot  head, — that 
is 

—  =  L]     _  =  111, 
h  Ml 

These  diagrams  show  that  the  experiments  when  so  reduced 
and  platted  correspond  fairly  well  with  the  exception  of  certain 
experiments  at  the  low  heads  and  small  nozzle  opening. 

An   examination   of  the   records  of   these    individual   experi- 

(1 
ments  shows  that  the  value  of  ~  for  these  experiments  was 

Vh 

considerably  below  the  average,  and  that  either  the  nozzle  open- 
ing was  obstructed  by  foreign  matter  caught  in  the  nozzle  or 
by  an  error  in  setting  the  valve,  or  that  there  was  an  error  in 
measuring  the  head  which  was  the  cause  of  the  ai)pareut  depar- 
ture from  the  general  law  demonstrated  by  the  other  experiments. 
The  general  agreement  is  sufficiently  close  to  furnish  a  practi- 
cal demonstration  of  the  validity  of  the  law  expressed  by  equa- 
tions 26,  32.  and  :3:?. 

The  Equation  of  Experiment.vl  Curves 

The  theoretical  equation  of  an  experimental  curve  can  be  de- 
termined with  as  great  a  degree  of  accuracy  as  may  be  desirable 
by  the  general  form  of  equation 

(34)  X  =  a  -f  by  +  cy»  +  ily'  +  etc. 
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Ihnitiu'  tlun-efore  platted  any  scries  of  expefinieiits  which  are 
ai)parently  governed  by  some  unilniiii  law  l)ut  whicli  may 
tliroug'h  exj)ei'inicntal  errors  (h'pail  more  or  h'ss  therefrom,  the 
curve  which  represents  the  apparent  hiw  of  variation  between 
any  two  variables  on  whicli  the  law  depends  may  be  constructed 
by  drawiny;  a  smooth  curve  through  the  means  of  the  various  ex- 
perimental points,  and  an  empirical  erpiation  may  be  determined 
tliercfrom  by  the  selection  of  several  ])oints  on  tlie  curve,  the 
substitution  of  the  value  of  x  and  y  at  the  selected  point  in  the 
aliove  equations,  and  the  solution  of  the  equations  thus  formed, 
in  order  to  determine  the  values  of  a.  b.  c,  etc. 

The  Equation  of  the  Relation  of  Resistance  to  Speed 

L  " 

In  this  wav  the  relation  between  ,     and  "  for  the  equations 

h  \  h 

representino-  these  relations  has  been  derived  in  the  form 

(35)  I-,   —  it    +-   bn  ,   +  en  ,  -. 

The  equation  derived  for  each,  curve   is  shown  on  tiie  diagram 

of  the  curve  in  question. 

The  Hqcatiox  of  tiik  Relation  of  Power  and  Speed 
From  equation    (28) 

r>  2T]Ln  ,     ,      ,  T  PIT 

{'Ad)       -r    —   __  ami  the  hoi-se  power  under  ()ii(>  toot  head 

ooO  X  oO  X  i" 

will  be 

r>      _  27rl  _  L,n, 

^'■^'^  ^  ^'  -  o50  X  <iO  y  i(i  '^'"'  "  mnr 

Having  the  value  of  L^  as  given  in  e(|uation  (35),  the  formula 
P.,    becomes 

,,  an,  +  bn,*  4-  en,* 

The  relation  of  power  to  speed  at  all  heads  and  under  the  six 
conditions  of  gate  opening  has  been  platted  in  Figs.  23  to  28, 
and  the  experimental  curve  for  eacli  condition  corresponding  to 
equation  3(S  lias  been  ])latted. 
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TiiK  Kqiatiox  for  Maximum  Power 

To  ascertain  the  speed  a1  which  Ihe  maximum  power  ean  be 
obtained  from  a  wheel.  Ilie  lirsl  (liirei'(^ntial  of  eqnation  38  i-el- 
ative  to  n  can  l)e  taken  and  mach'  eiiual  to  0. 

.3,,.  tl  (Pa J  ^  (a  +  2bn,  -u  3  cnr°)  ^  . 

dn,  42017  ^-        ■ 

This  equation  solved  lor  11  will  uive  the  speed  tni-  nnxiimun 
power  at  one  foot  head.  and.  if  nndtiplied  hy  \']\.  will  s2:ive  the 
speed  fdi'  Hiaxiiiuuii  pdwei'  ;i1  any  uiven  head,  h. 

The  Power  of  the  Wheel 

'i'lie  powei-  which  may  be  de\-el()|)cd  by  any  wheel  depends  on 
the  head  available,  the  quantity  of  water  wliiidi  may  be  dis- 
charged against  the  bucUels  nnder  that  given  head  and  at  the 
given  gate  opening,  and  the  relation  of  speed  and  resistance 
under  which  the  wheel  will  operate. 

It  has  ali-eady   been   shown   1ha1.   with   a   given  gate  opening. 

is   a    (onstant    I'oi-   all    heads:    also,    that    the   resistance    (L) 
Ml 

11  11  •  n 

varies  with    ^-      \s         vaiies  diieelh'  with  i>.  \\u-  I'esistance  lac- 

^h  ■    Nil 

tor  is  always  the  same  when  the  gate  opening  and  the  value  of  ^ 
M'liiain  constant. 

The  liorse  power  of  the  watei'  applied  to  thi^  wheel  is  repre- 
s(Mited  In'  equation  18. 

The  hoi'se  ])<)wer  (h'Vi'loped  liy  the  wheel  is  repi'csented  by 
e(|uation  29. 

p    ^        2TlLn 
^       HHOOO  X  1<5" 
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The  Equation  for  Relati\t3  and  Maximum  Efficiency 

The  efficiency  of  the  wlieel  is  the  relation  of  theoretical  horse 
power,  Po  to  the  actual  horse  power,  Pa,  i.  e. 

Pn  27rlLn 


(40) 


and  fov  one  foot  head 


P„  IG  X  00  qwh 


(aril  +  bill-  +  en,")  550 
^''i  -       .      42017  Qiwhi  ^^" 

an,  +bi-ii^  4-  cn^^ 
<■*!)  '^1  = 4775^1; 

The  essential  truth  of  this  law  is  sho^^^l  by  these  experiments 
and  is  illustrated  in  Figs.  29  to  34  inclusive  in  which  the  effi- 
ciency of  the  wheel  at  various  conditions  of  head  is  shown  by 

n 
the  ordinate  and  "=-  by  the  abscissae. 

The  first  differential  of  equation  41  will  give  the  most  efficient 
speed,  and  as  the  first  differentials  of  equations  38  and  41  are 
the  same,  the  speeds  for  maximum  power  and  maximum  effi- 
ciency are  therefore  the  same. 

Po^^'ER  OF  Wheel  under  A^\rious  Heads 

The  horse  power  delivered  to  a  wheel  is,  from  equation  18, 

p    _  qwhe 
^  550~' 

From  equation  (2) 

q  =  ca  N  2gh  . 

Combining  these  equations 

Tj    _  cawN2g  h*/*  e 


<42) 


550 


From  this  equation  it  is  apparent  that  if  c,  e,  and  a  are  con- 
stant for  any  given  wheel  and  for  any  fixed  gate  opening,  and  if 
the  value  of  (f>  remains  constant,  the  power  of  the  turbine  will 
be  directly  proportional  to  h^/-.     This  law  is  also  demonstrated 
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by  experiments  herein  discussed.  The  experiments  illustrating 
this  law  have  been  platted  in  Figs.  35  to  40  inclusive  in  which 
are  shown  the  theoretical  curves  representing  the  relation  be- 
tween head  and  power,  under  various  conditions  of  gate  and  of 
head  and  power  for  various  values  of  0.  The  values  of  0,  and 
therefore  the  experimental  curves,  were  obtained  by  reducing 
the  equation  P  :=  Ch''/-  to  the  form  of  an  equation  for  a  straight 
line  by  substituting  x  for  the  values  of  ]^•V^  giving  P  =  Cx, 
from  whicli  the  value  of  C  could  be  at  once  determined  by  substi- 
tuting the  values  of  P  and  x  for  a  given  point  on  the  line  selected. 
Having  determined  this  value  for  C,  and  substituting  in  the 
equation  P  =  Ch^/-,  the  theoretical  relation  between  power  and 
head  could  be  at  once  determined  for  any  value  of  0.  From 
these  values  the  theoretical  power  lines  were  platted  in  Figs.  35 
to  40  inclusive  and  the  corresponding  experimental  points  plat- 
ted thereon.  The  close  agreement  between  the  theoretical  line 
and  the  experimental  point  demonstrates  the  truth  of  the  theo- 
retical law. 


GENERAL  EQUATIONS  FOR  POWER 

The  equation  for  power  under  one  foot  head.  38, 

p      _  an,  -^  bill  -  -•-  cn,^ 
'^i  42017 

may  be  made  general  for  power  at  any  head  by  multiplying  by 
\r/n  (see  Equation  40)  ;  therefore 

m^  P    =  «"i  +bni^  -f  cn^"        ,, 

(43)  i  a  42017  ^'       ' 


Equation  for  Theoreticai,  Characteristic  Curve 

From   liquation    14  the   theoretical    foot   y)ounds   per   second 
which  is  recovered  in  an  impulse  wheel  is 

E^  =  (1  —  cos  cx)  (I  —  (p)  <p  '-^^^  . 
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FiGUKEs  37  AND  38. — Relation   of    Poweh  to  Head  at  Various 
Gate  Openings  and  fok  Various  Values  of  <i>. 
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Figures  39  and  40. — Relation   of  Power  to   Head  at  Various 
Gate  Openings  and  for  Various  Values  of  0. 
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The  actual  energy  supplied  to  the  wheel  is : 

•■'  ~  2<r ' 

Hence  the  efficiency  is 

e  =  2(1  —  cos  n)  (1  —  <p)  (p. 

This  equation  represents  the  efficiency  curves  in  the  theoreti- 
cal characteristic  curve  of  the  impulse  wheel  and  is  a  parabola 

with  vertex  or  point  of  maximum  efficiency  at 

<p  =  .r> 
and  with  zero  efficiency  at 

<p  =  0  and  4>  =  I. 

The  theoretical  characteristic  curve  is  shown  graphically  in 
Fig.  41. 

The  curves  of  efficiency  (full  lines)  are  independent  of  q,  and 
lines  of  equal  efficiency  are  therefore  parallel  to  the  q  axis.  The 
lines  of  equal  power   (dotted  lines)   can  be  shown  to  have  the 

equation:     (1  —  <b)   <4q=  oo_£ where  6  and  q  are  the 

^  ^  "f-/    ^  1  2w  (1  —  cos  a)  '  ^ 

variables. 


The  ExpERiMENTAii  Characteristic  Curve 

The  actual  relations  of  power,  efficiency,  speed  and  discharge 
under  three  different  conditions  of  head  are  represented  by  the 
characteristic  curves  shown  in  Figs.  42,  43  and  44. 

These  curves  are  constructed  by  platting  the  experimental 
points  relative  to  0  or  n^  and  q■^,  writing  beside  the  platted  point 
the  corresponding  values  of  Pa^  and  Caj  for  each  experimental 
point,  and  interpolating  lines  of  equal  values  of  Pai  and  eai ;  or, 
having  interpolated  the  lines  of  equal  efficiency,  the  position  of 
the  lines  of  equal  power  can  readily  be  calculated  from  the  theo- 
retical discharge  and  the  efficiency  lines.  In  Figs.  41,  42,  43 
and  44,  the  full  lines  are  lines  of  equal  efficiency,  and  the  dotted 
lines  of  equal  power.     From  these  diagrams  it  will  be  noted  that 
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the  general  relations  of  theory  to  the  practical  condition  are 
those  which  Avoiild  naturally  be  anticipated.  Theoretically,  in  a 
frictionless  wheel  tlie  maximum  efficiency  is  independent  of  dis- 
cliartxiv  Pi'actically.  witli  the  normal  friction  and  windage  of  a 
wheel,  a  certain  dischai-ge  is  necessary  to  overcome  the  friction; 
lience  the  curve  of  zero  efficiency  must  pass  obliquelj^  from  the 
line  of  zero  efficiency  at  maximum  q  and  0  to  a  point  at  the  right 
of  the  ordinate  q  =  o  to  the  line  0  =  o. 

It  should  be  noted  that,  as  the  efficiency  varies  with  the  dis- 
charge on  account  of  the  bucket  efficiency,  the  area  of  maximum 
efficiency  moves  farther  to  the  left  in  the  characteristic  curve,  as 
the  head  from  which  the  curve  is  platted  increases.  This  is 
caused  by  the  fact  that  the  discharge  increases  with  increased 
head.,  and  the  bucket  efficiency  therefore  diminishes. 

Practical,  Analysis  from  Characteristic  Curves. 

With  due  allowance  for  the  variation  in  efficiency  above  indi- 
cated, it  is  evident  that  the  characteristic  curve  furnishes  a  use- 
ful, practical  method  for  the  analysis  of  the  action  of  an  experi- 
mental wheel  under  variations  in  head.  "Figs.  45,  46  and  47 
show  analyses  of  the  action  of  the  experimental  wheel  at  500, 
700  and  900  revolutions  per  minute,  based  on  the  data  shown  in 
the  characteristic  curves.  Figs.  42,  43  and  44.  All  calculations 
are  based  on  the  theorems  that  as  long  as  0  remains  constant 

Ga  is  constant, 

Pa  varies  with  h'/*, 

q  and  n  vary  with  v^h. 

The  comparatively  close  agreement  of  the  results  derived  from 
the  three  characteristic  curves  shows  the  practical  value  of  the 
method  of  analysis.  The  greatest  differences  occur  between  the 
points  on  the  efficiency  curve,  in  which  it  will  again  be  noted 
that  as  a  rule  the  efficiency  decreases  with  the.  head,  i.  e.,  as  the 
relative  discharge  of  the  nozzle  increases  and  the  efficiency  of  the 
bucket  decreases. 
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t1£AD  IN  FEE  J 

FiGiRE  45.— Relative  Efficiency,  Powek,  and  Disciiakge  ok  Doble 
Wheel  "With  Full  Nozzle  Opening  and  at  nOO  R.  P.  M.  for 
Various  Heads,  Based  on  Characteristic  Curves. 
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HeAO  I/SI  FC€T 

Figure  46.— Relative  Efficiencies,  Power,  and  Discharge  of  Doble 
Wheel  With  Full  Nozzle  Opening  and  at  700  R.  P.  M.  for 
Various  Heads,  Based  on  Characteristic  Curves. 
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FiGUKE  47. — Relatia-k  Efficienciks,  Power,  and  Disch.vi<(;k  of  Doblk 
Wheel  with  Full  Nozzle  Opening  and  at  900  R.  P.  M.  fok 
Y.\Rrous  Heads,  Based  on  Ciiauacteristic  Curves. 
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NOMENCLATURE 

a    =  Aiifrlo  of  disohar^'o  from  bucket.     (See  Fig.  10.) 

c     =  Coellicieiit  of  dischargo  for  an  orifice. 

D    =   Diameter  of  wlieol  in  inclies. 

e     =  Efficiency  of  the  bucket. 

e     =  Efficiency  of  the  entire  wheel. 

e.    =•  Bucket  efficiency  when  stationary. 

E'  =  Energy  actually  delivered  by  the  wheel. 

El  =  Energy  (potential)  of  water  in  the  fore  bay. 

E,  =  Energy  of  water  ju.st  before  entering  the  nozzle. 

E,  =  Energy  of  the  jet. 

E4  =  Energy  of  the  jet  which  can  theoretically  be    recovered  by /the 

buckets. 
F    =.  Theoretical  pressure  of  a  jet  against  the  bucket. 
F'  =  Force  to  produce  a  jet. 

F    =  Pressure  exerted  by  a  jet  against  a  stationary  bucket, 
g    =  Accelleration  due  to  gravitj^ 
h    =  Head. 

L    =  Brake  load,  in  ounces. 
Lj  =  Brake  load,  one  foot  head,  in  ounces. 
1     =  Length  of  brake  arm. 
n    =  R.  P.  M.  of  wheel. 
Ui  =  R.  P.  M.  under  one  foot  head, 
p    =  Pressure  lost  by  journal  friction  and  windage. 
P    =  Power  measured  by  Prony  brake. 
Pg  =  Theoretical  power  of  the  water  used, 
q    =  Discharge  of  jet  in  cubic  feet  per  second, 
r     =  Radius  of  wheel. 
r'   =  Jet  pressure  on  the  bucket  per  (r.  p.  m.)^  to  overcome  windage  and 

journal  friction. 
V    =  Velocity  of  discharge  from  a  jet  in  feet  per  second, 
v'  =  Velocity  of  periphery  of  wheel. 
Vj,  =  Velocity  of  the  jet  relative  to  the  bucket. 
Vj^  =  Absolute  residual  velocity  with  which  water  leaves  bucket. 
W  =  Discharge  of  jet  in  pounds  per  second. 
w  =  Weight  of  a  cubic  foot  of  water  =  62.5  pounds. 
4>    =  Ratio  of  peripheral  velocity  of  the  wheel  to  the  velocity  of  the  jet. 
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APPENDIX. 

Tablk  a.     Valve  Opening,  36  Pkr  Cent. 
Division  a.     Head,  13.3  ft. 


Time 

Total 

Corrected 

Di 

scliiir^'( 

Seconds 

Revohitions 

Brake  Weight 

in 

Pounds 

oz. 

126.6 

815 

0 

300 

139.4 

596 

4 

300 

140.6 

316 

8 

3oa 

140.6 

96 

10 

300 

Division  b 

Head, 

24.9  ft. 

100.4 

894 

0 

300 

100.8 

771 

4 

300 

97.2 

606 

8 

300 

96.6 

494 

12 

300 

99.8 

323 

16 

300 

101.4 

163 

20 

300 

Division  c.     Head,  36  ft. 


80.8 
80.8 
81.2 
80.4 
81.6 


114.2 
112.6 
112.8 
114.2 
119.6 
115.8 


926 

0 

837 

4 

604 

16 

346 

24 

105 

32 

Division  d.     Head.  49.3  ft 

1538 

0 

1469 

2 

1293 

10 

1059 

18 

621 

32 

179 

40 

300 
300 
300 
300 
300 


500 
500 
500 
500 

500 

:)00 
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Division  e.     Head,  60.8  ft. 


Time 

Total 

Corrected 

Discharge 

SecoDds 

Revolutions 

Brake  Weight 
oz. 

in 

Pounds 

101.6 

1553 

0 

500 

101.2 

1518 

2 

500 

102.0 

1421 

7 

500 

101.4 

1312 

12 

500 

301.4 

•      1210 

17 

500 

10:?.  0 

1104 

22 

500 

103.4 

885 

32 

500 

103.6 

128 

48 

500 

Division  f.     Head,  72.4  ft. 

93.0  1554  0  500 

92.8  1536  2  500 

92.2  1365  12  500 

92.8  1193  22  500 

92.4  1028  32  500 

95.0  833  40  500 


1554 

0 

1536 

2 

1365 

12 

1193 

22 

1028 

32 

833 

40 

Division  g. 

Head, 

83.5  ft 

1549 

2 

1855 

17 

1646 

27 

1441 

37 

2218 

0 

804 

48 

87.0  1549  2  500 

121.2  1855  17  TOO 

121.4  1646  27  700 

121.8  1441  37  70O 

121.4  2218  0  700 

oOO' 

Division  h.     Head.  94.8  ft. 

113.4  2243  0  700- 

113.2  2195  2  70r> 

112.8  2079  8  700 

113.0  1851  20  700 

113.2  1638  32  700 

115.6  1475  40  700 

117.2  926  64  700 
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Kivision  i.     Head,  ]07.S  ft. 


Time 

Total 

Co 

frectcd 

I) 

sella  rijc- 

Seconds 

Revolutions 

Brak 

e  Weight 
oz. 

in 

Pounds 

106.6 

1387 

48 

700 

106.6 

1557 

40 

700 

106.2 

1698 

32 

700 

106.4 

1962 

16 

700 

106.4 

2200 

2 

700 

106.4 

2240 

0 

700 

111.0 

706 

80 

700 

Division  j.     Head,  118.2  ft. 


116.2 
116.0 
115.6 
116.2 
116.4 
115.6 
116.4 
116.0 
116.4 
116.8 
116.4 
117.0 


110.8 
110.6 
110.0 
110.0 
111.6 
110.8 
111.0 
111.0 
110.8 
111.4 


2569 

0 

2517 

2 

2406 

8 

2282 

16 

214G 

24 

2010 

32 

1886 

40 

1730 

48 

1578 

56 

1391 

64 

1019 

80 

408 

96 

Division  k.     Head,  129.5  ft 

2509 

2 

2410 

8 

2279 

16 

2047 

32 

^940 

40 

1775 

48 

1647 

56 

1477 

64 

2559 

0 

651 

104 

800 
800 
800 
800 
800 
800 
SOf) 
800 
800 
800 
800 
800 


800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
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Division  1. 

Iload, 

141.3  ft. 

Time 

To  till 

Corrected 

Discharge 

Seconds 

Revolutions 

Brake  Weight 

in  Pounds 

oz. 

106.2 

2571 

0 

800 

106.2 

2531 

2 

800 

106.4 

2389 

12 

800 

105.6 

2226 

22 

800 

106.2 

2098 

32 

800 

106.8 

1815 

52 

800 

106.0 

IGGl 

62 

800 

106.2 

1493 

72 

800 

105.8 

1158 

88 

800 

Division  m. 

Head 

152.9  ft. 

102.2 

2406 

12 

800 

102.0 

2137 

32 

800 

102.2 

1937 

48 

800 

102.2 

1717 

64 

800 

102.4 

1481 

80 

800 

102.4 

1201 

96 

800 

102.2 

901 

112 

800 

103.2 

586 

124 

800 

102.4 

2574 

0 

800 

Division  n. 

Head, 

164.4  ft. 

133.6 

3508 

0 

1100 

99.2 

2361 

16 

800 

98.4 

2065 

40 

800 

98.4 

1762 

64 

800 

98.4 

1343 

96 

SOO 

98.4 

1061 

112 

800 

98.8 

771 

128 

SOO 

98.6 

475 

144 

SOO 
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Table  B.     Valvi;  Oi'k.m.ng,   52   Pi;r  Cent. 
Division  a.     Head,  13.3  ft. 


Time 

Total 

Corrected 

Discharge 

Seconds 

Revolutions 

Brake  Weight 
oz. 

in  Pounds 

151.8 

1016 

0 

500 

152.4 

653 

8 

500 

151.8 

166 

16 

500 

Division  b. 

Head,  24.9  ft. 

114.6 

751 

12 

500 

112.2 

634 

16 

500 

112.2 

443 

24 

500 

' 

Division  c. 

Head.  36.4  ft. 

92.2 

1110 

0 

500 

93.4 

827 

16 

500 

93.0 

675 

24 

500 

92.4 

523 

32 

500 

91.8 

338 

40 

500 

Division  d. 

Head,  49.3  ft. 

79.0 

907 

16 

500 

111.8 

1131 

24 

700 

111.2 

829 

40 

700 

110.8 

638 

48 

700 

111.0 

382 

56 

700 

111.2 

1571 

0 

700 

Division  e.     Head,  60.8  ft. 


99.2 
99.6 
100.0 
99.6 
99.8 
99.8 


1580 

1451 

1236 

981 

723 

378 


0 
8 
24 
40 
56 
72 


700 
700 
700 
700 
700 
700 
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Division  f.  Head,  72.4  ft. 

Time                             Total  Corrected  l»isrii;ii-;,'i> 

Seconds                      Revolutions  Brake  Weight  in  I'nnuds 

oz. 

91.6                                   1486  8                                     TOO 

90.8                                   1198  32                                     700 

91.2                                     980  48                                     7(10 

91.4                                     769  64                                     700 

91.6                                     482  80                                     70!) 

91.6                                     146  96                                     700 

91.2                                   1592  0                                     700 


84.6  1502  8  700 

96.8  1324  40  SOO 

97.0  1009  64  SOO 

97.0  622  88  800 

97.0  194  112  800 

97.0  1822  0  '    800 


101.8  2064  0  900 

101.4  1842  16  900 

101.6  1460  48  900 

101.6  1147  72  900 

101.6  766  96  900 

\01.8  375  120  900 


106.2  208.'^  IG  1000 

106.8  1719  48  -                1000 

106.6  1422  72  1000 

107.0  1071  96  1000 


106.6 


Total 

Corrected 

volutions 

Bra 

ce  Weight 
oz. 

1486 

8 

1198 

32 

980 

48 

769 

64 

482 

80 

146 

96 

1592 

0 

Division  g. 

Head. 

s:^.f)  ft. 

1502 

8 

1324 

40 

1009 

64 

622 

88 

194 

112 

1822 

0 

Division  li. 

Head, 

94.9  ft. 

2064 

0 

1842 

16 

1460 

48 

1147 

72 

766 

96 

375 

120 

Division  i. 

Head, 

107.9 

208:i 

IG 

1719 

48 

1422 

72 

1071 

96 

640 

120 

£51 

136 

2299 

0 

1000 


106.8  £51  136  1000 

106.2  2299  0  1000 
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Division  j. 

Head, 

118.3  ft. 

Time 

Total 

Corrected 

Dis<'liMr-( 

Seconds 

Kovolntions 

Brake  Weiglit 

in  I'n;mil> 

oz. 

101.4 

2299 

0 

]Ol)li 

101.6 

2119 

16 

lOOO 

102.0 

1794 

48 

10(10 

100.8 

1502 

72 

lOOO 

101.0 

1232 

96 

KJOO 

121.4 

1022 

120 

1000 

101.4 

492 

144 

1000 

Division  k. 

Head, 

129.6  ft. 

9(5.4 

2099 

16 

1000 

96.4 

1877 

40 

1000 

96.2 

1636 

64 

1000 

97.0 

1416 

88 

1000 

96.8 

1134 

112 

1000 

97.8 

787 

136 

1000 

96.6 

452 

160 

1000 

97.6 

99 

184 

1000 

97,0 

22  SO 

0 

1000 

Division  1. 

Head, 

141.4  ft. 

92.6 

2290 

0 

1000 

92.6 

2127 

16 

1000 

93.0 

1921 

40 

1000 

92.8 

1655 

72 

1000 

92.4 

1318 

104 

1000 

92.6 

1007 

128 

1000 

92.8 

726 

152 

1000 

93.0 

413 

176 

1000 

93.0 

171 

192 

]000 

Division  m. 

Head 

153.0  ft. 

89.4 

2154 

16 

1000 

88.8 

1881 

48 

1000 

89.0 

1344 

112 

1000 

89.2 

958 

144 

1000 

88.6 

632 

176 

1000 

89.4 

230 

208 

1000 

89.4 

2312 

0 

1000 
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Division  n.     Hoad,  164..->  ft. 


Time 

Total 

Corrected 

Dischar«< 

Seconds 

Re 

volutions 

Brake  Weig 
oz. 

ht 

in  Pounds 

85.6 

2153 

16 

1000 

103.0 

2293 

48 

1200 

103.4 

1999 

80 

1200 

104.0 

1()7] 

112 

1200 

103.4 

902 

176 

1200 

103.2 

41)5 

208 

1200 

103.  G 

140 

232 

1200 

103.2 

2759 

0 

1200 

Table  C.     Val\k  Opkmxg,   66   Pku  Cent. 


Divis 

ion  a. 

H 

'ad. 

13.3  ft. 

Time 

Total 

Corrected 

Discharge 

Seconds 

Re 

volutions 

Bra 

ve  Weig 

lit 

in 

Pounds 

oz. 

122.2 

860 

0 

500 

119.8 

716 

5 

500 

120.6 

485 

12 

500 

121.2 

139 

20 

500 

120.0 

334 

16 

500 

Division  h.     Head,  24.9  ft. 


88.6 
89.8 
89.2 
89.6 
90.2 


741 

465 

281 

69 


24 

32 

40 

0 


500 
500 
500 
500 
500 
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BULLETIN   (tK  TlIK   IMNKIJSITV  OF   WISCONSIN 


Division  c.     Head,  36.4  ft. 


Time 

Total 

Coi 

'rected 

Discharge 

Seconds 

Revolutions 

Brak 

e  Weight 
oz. 

ill 

Pounds 

72.8 

802 

8 

500 

116.8 

992 

24 

800 

116.8 

846- 

32 

800 

117.0 

075 

40 

800 

116.8 

480 

48 

800 

116.6 

263 

56 

800 

117.0 

1436 

0 

800 

Divisiou  d.     Head,  49.3  ft. 


101.0 
100.2 
101.8 
101.8 
101.2 
101.4 
101.2 


90.8 
90.8 
91.2 
90.8 
91.2 
91.6 


83.6 
104.2 
104.2 
104.2 
124.8 
103.6 


1457 

0 

1341 

8 

1139 

24 

898 

40 

665 

56 

333 

72 

170 

80 

Divisiou  e. 

Head , 

GO. 8  ft 

1280 

IG 

1018 

40 

733 

64   • 

369 

87 

97 

103 

1473 

0 

Divisiou  f . 

Head, 

72.4  ft 

1308 

16 

1366 

40 

1065 

64 

755 

88 

415 

112 

1838 

0 

800 
800 
800 
800 
800 
800 
800 


800 
800 
800 
800 
800 
800 


800 
1000 
1000 
1000 
1200 
1000 


[560] 


MEAD— Tin-;   TANGl' 

XTIAr. 

\VAri:U    VVTTEEL 

( 

Division  g. 

Head, 

83.7  ft. 

Time 

Total 

Corrected 

Dlseliarg* 

■Seconds 

Revolutions 

Brake  Weight 

in  Poiinils 

oz. 

9G.8 

1852 

0 

1000 

96.8 

1680 

16 

1000 

125.4 

1876 

40 

1300 

96.8 

941 

88 

1000 

96.2 

1186 

64 

1000 

96.8 

r.94 

112 

1000 

97.2 

228 

136 

1000 

Division  h. 

Head 

95.0  ft. 

90.6 

1705 

16 

1000 

91.0 

1516 

40 

1000 

90.6 

12V4 

64 

1000 

'91.0 

1063 

88 

1000 

■90.6 

776 

112 

1000 

■91.0 

503 

136 

1000 

90.6 

176 

160 

1000 

•91.0 

1855 

0 

1000 

Division  1. 

Head, 

108. 0  ft. 

85.4 

1862 

0 

1000 

101.2 

2021 

16 

1200 

102.0 

1766 

48 

1200 

102.2 

1477 

80 

1200 

102.8 

1247 

104 

1200 

102.6 

918 

128 

1200 

102.8 

032 

152 

1200 

102.8 

165 

184 

1200 

Division  j. 

Head. 

118.4  ft. 

97.0 

2223 

0 

1200 

97.8 

2104 

16 

1200 

97.8 

1873 

40 

1200 

97.8 

1605 

72 

1200 

97.8 

1335 

104 

1200 

97.8 

953 

136 

1200 

97.8 

602 

168 

1200 

97.8 

176 

200 

1200 

91 


[561] 


92  Bri.LKTIN  ny    rili:  TNIVERSITV  OI'  WISCONSIN 


Division  k. 

Head,  129.7 

ft. 

Time 

Total 

Corrected 

Discliarj?e 

Seconds 

Revolutions 

Brake  Weiglit 

in 

Pounds 

oz. 

93.8 

2244 

0 

1200 

92.8 

2095 

16 

1200 

93.8 

1843 

48 

1200 

93.2 

1581 

80 

1200 

93.0 

1332 

112 

1200 

93.6 

1036 

144 

1200 

93.2 

696 

176 

1200 

93.6 

324 

208 

1200 

Division  1.  Head,  141.5  ft. 

88.4  2104  16  1200 

89.4  1876  48  1200 

89.0  1643  80  1200 

89.2  1408  112  1200 

89.6  1193  144  1200 

89.6  808  175  1200 

90.0  494  208  ]20;) 

89.6  127  240  1200 

89.4  2237  0  1200 

89.4  1176  144  1200 

89.4  1133  144  1200 


Division  m.  Head,  153.1  ft. 

85.8  2242  0     .  1200 

85.8  2119  16  120O 

85.8  1815  56  1200 

85.8  1577  96  1200 

85.8  1308  136  1200 

85.8               929  176  1200 

85.8               572  216  1200 

86.0               354  240  1200 

86.0  206  255  1200 
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Division  n. 

Head,  164.6  ft. 

Time 

Total 

Corrected 

I>is<liarf;( 

Seconds 

Revolutions 

Brake  \V(ML,M)t 

ill  Toinids 

82.2 

212G 

16 

1200 

89.8 

1976 

64 

1300 

89.6 

1663 

112 

1300 

90.0 

1297 

160 

1300 

89.2 

864 

208 

1300 

89.8 

.'jOo 

248 

1300 

69.4 

1879 

0 

1000 

85.8 
85.8 
85.8 
86.4 
86.4 
86.2 
86.4 
86.4 


Division  o.     Head.  177.4  ft. 

2305  16 

1996  64 

1703  112 

1410  160 

974  20S 

620  2.',6 

409  280 

2430  0 


1300 
1300 
1300 
1300 
1300 
1300 
1300 
1300 


Time 
Seconds 

94.2 
94.6 
94.6 
93.0 
94.0 


Table  D.     VjU^ve 

Ope  .V  INC. 

,  84  Per  Cent. 

Division  a. 

Head, 

13.3  ft. 

Total 

Corrected 

Di 

scliarge 

Revolutions 

Bra 

ce  Weiirht 
oz. 

in 

I'ounds 

509 

8 

.-)00 

377 

16 

500 

16.-, 

24 

500 

44 
688 

30 
0 

500 
500 

84.4 
112.2 
113.0 
113.6 
113.6 
112.2 


Division  b. 

740 
706 
569 
351 
120 
1127 


Head. 


24.0  ft. 

S 
24 
32 
40 
48 

0 


600 
800 
800 
SOO 
800 
800 


[563] 


94  BULLETIN  111'  'IIIK  T'MVEKSriV  *>F  WISCONSIN 


Time  Total  Corrected  Discbarge 

Seconds  Revolutions  Brake  Weight  in  Pound.s 

oz, 

90.6  1132  0                                     800 

92.2  155  72                                     800 

91.  S  950  16                                     800 

92.0  855  24                                    800 

91.6  756  33                                   800 

92.0  678  40                                    800 

91.8  576  48                                     800 

92.6  427  56                                     800 

91.8  288  64                                   800 


100.0  1448  0  800 

100.6  1260  16  800 

102.0  1010  40  800 

101.2  727  64  800 

102.0  354  88  800 

99.8  202  96  800 


88.2  1451  0  1000 

72.0                •  1062  16  800 

71.0  931  32  800 

71.4  832  48  800 

71.4  710  64  800 

71.2  589  80  800 

71.2  438  96  800 

71.6  277  112  800 


97.2 
96.6 
97.0 
97.4 
97.2 
97.8 
97.2 


Division  c. 

Head, 

36.5  ft. 

Total 

Corrected 

volutions 

Brake  Weight 

oz. 

1132 

0 

155 

72 

950 

16 

855 

24 

756 

33 

678 

40 

576 

48 

427 

56 

288 

64 

Division  d. 

Head, 

49.4  ft. 

1448 

0 

1260 

16 

1010 

40 

727 

64 

354 

88 

202 

96 

Division  e. 

Head, 

60.9  ft. 

1451 

0 

1062 

16 

931 

32 

832 

48 

710 

64 

589 

80 

438 

96 

277 

112 

Division  f. 

Head, 

72.5  ft. 

1749 

0 

1600 

16 

1384 

40 

1174 

64 

961 

88 

678 

112 

380 

136 

1200 
1200 
1200 
1200 
1200 
1200 
1200 
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95- 


Time 
Seconds 

90.6 
90.2 
90.2 
90.2 
90.6 
90.6 
90.6 


Division  g. 

Head,  83.8  ft. 

Tot:il 

Corroctod 

volutions 

Brake  Weight 

oz. 

17.52 

0 

1615 

16 

1376 

48 

11S2 

72 

1010 

96 

778 

120 

445 

152 

Discharge 
in  INnniils 

1200 
1200 
1200 
1200 
120O 
1200 
1200- 


Division  h.     Head.  9.-).l  ft. 


84.6 
84.0 
85.2 
84.2 
85.2 
120.0 
84.6 


1753 
1620 
1425 
1208 

991 
1012 

430 


0 

16 

48 

80 

112 

144 

176 


1200 
1200 
1200 
1200 
1200 
1700 
120O 


Division  i.     Head,  108.1  ft. 


79.2 
79.4 
79.8 
79.8 
80.0 
80.0 
80.0 
80.6 


75.8 
76.2 
76.2 
76.2 
76.2 
76.2 
76.0 
76.2 


1748 

0 

1650 

16 

1463 

48 

1280 

80 

1077 

112 

861 

144 

607 

176 

392 

200 

Division  j.     Head,  138.5  ft 

1759 

0 

1670 

16 

1444 

56 

126F 

88 

1097 

120 

907 

152 

670 

184 

323 

232 

120O 
1200 
1200 
1200 
1200 
1200 
1200 
1200 


1200 
1200 
1200 
1200 
1200 
1200 
1200 
120O 


5G5] 


;)(i 

I'.ri.I.KIlX  t>l' 

Tin: 

IMNDKsnV  ol'   WISCONSIN 

Division  k. 

Heart,  129.9  ft. 

Time 

Total 

Corroeted 

I) 

ischar.Lce 

35econds 

Revolutions 

Brake  Weight 

in  Pounds 

oz. 

72.0 

1741 

0 

1200 

73.0 

1685 

16 

1200 

73.0 

1469 

56 

1200 

73.2 

1270 

96 

1200 

73.0 

1074 

136 

1200 

73.2 

886 

168 

1200 

73.4 

677 

200 

1200 

73.0 

471 

232 

1200 

Division  1.  Heart,  141.7  ft. 

70.2  1777  0  1200 

75.8  1834  16  1300 

74.8  1565  64  1300 

75.4  1385  104  1300 

76.4  1190  144  1300 

75.8  1012  176  1300 

76.2  798  208  1300 

75.8  612  240  1300 

Division  m.  Heart,  153.3  ft. 

83.6  2202  0  1500 

83.4  2111  16  1500 

83.6  1849  64  1500 

83.6  1599  112  1500 

83.0  1335  160  1500 

83.6  1032  208  1500 

83.6  741  256  1500 

83.8  342  304  1500 


2202 

0 

2111 

16 

1849 

64 

1599 

112 

1335 

160 

1032 

208 

741 

256 

342 

304 

Division  n.     Heart,  164.9  ft 

2196 

0 

2120 

16 

1872 

64 

1634 

112 

1395 

160 

1128 

208 

840 

256 

368 

320 

81.8  2196  0  1500 

81.6  2120  16  1500 

81.0  1872  64  1500 

80.8  1634  112  1500 

80.8  1395  160  1500 

80.8  1128  208  1500 

80.8  840  256  1500 

81.2  368  320  1500 

[566] 
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Division  o.     Head,  177. (i  ft. 


Time 

Total 

Correcttnl 

D 

sella  rgc 

Soconcls 

Revolutions 

Brake  Weight 
oz. 

in 

Pounds 

78.2 

2206 

0 

1500 

77.8 

2131 

16 

1500 

78.2 

1900 

64 

1500 

78.4 

1G91 

112 

1.500 

78.0 

1449 

160 

1500 

77.8 

1199 

208 

1500 

78.0 

906 

256 

1500 

77.8 

645 

304 

1500 

77.4 

401 

336 

1500 

Tahi.k   E.     Vaiai:  Opkning,   94   Pkr  Cent. 
Division  a.     Head.   13.3  ft. 


Time 

Total 

Corrected 

Di 

schargc 

Seconds 

Revolutions 

Brake  Weight 
oz. 

in 

Pounds 

83.4 

627 

0 

500 

133.8 

756 

8 

800 

135.6 

553 

16 

800 

85.2 

169 

24 

500 

85.2 

84 
Division  b. 

28 
Head.  24.9  ft. 

500 

63.2 

644 

0 

500 

63.4 

551 

8 

500 

101.4 

777 

16 

800 

101.8 

653 

24 

800 

101.4 

534 

32 

800 

101.8 

413 

40 

800 

101.  S 

222 

48 

800 

99.4 

107 

56 

800 

)fi7] 


^)f^  mi.i.KiiN  (11    rm:  i  .\  i\  i:i;sn'V  di'  wiscONS^ix 


Division  c. 

Head, 

36.5  ft. 

lime 

Total 

Ci 

f>rrectod 

Discljarj^e 

S<'t'OIltls 

Ilevolutioiis 

Rra 

ko  Woi.irlit 
oz. 

in  I'ound.s 

81.8 

10:10 

0 

800 

82.2 

947 

8 

800 

82.0 

788 

24 

800 

82.8 

642 

40 

800 

82.8 

477 

56 

800 

82.0 

240 

72 

800 

Division  d. 

Head. 

49.4  ft. 

88.8 

1300 

0 

1000 

88.8 

993 

32 

1000 

89.0 

851 

48 

1000 

89.4 

704 

64 

1000 

88.8 

515 

80 

1000 

Division  e. 

Head. 

61.0  ft. 

79.4 

1305 

0 

1000 

79.8 

12.U 

8 

1000 

79.4 

1056 

32 

1000 

80.0 

949 

48 

1000 

79.6 

826 

64 

1000 

79.4 

716 

80 

1000 

79.6 

578 

96 

1090 

79.4 

425 

112 

1000 

79.2 

255 

128 

1000 

Division  f. 

Head, 

72.6  ft. 

72.2 

1303  ' 

0 

1000 

73.0 

]209 

16 

1000 

73.0 

10 -)3 

40 

1000 

73.0 

911 

64 

1000 

73.0 

773 

88 

1000 

73.2 

727 

96 

1000 

72.8 

598 

112 

1000 

72.8 

400 

136 

1000 

73.0 

182 

160 

1000 

[568] 
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Division  ff. 

Head,  83.8  ft 

Time 

'J'oiiil 

C'DlTcctcd 

I  »iscii:ir;j:< 

Seconds 

Revolutions 

Braki'  Wci^ 
oz. 

lit 

ill 

I'(nuid> 

81.4 

1575 

0 

1200 

81.2' 

1470 

l(i 

1200 

81.4 

]2()S 

48 

1200 

81.0 

1070 

80 

1200 

81.2 

'.)h; 

104 

1200 

81.4 

732 

128 

1200 

81.4 

535 

152 

120f) 

81.4 

2'.)9 

170 

1200 

Division  h.  Head,  95.2  ft. 

88.6  1S3G  0  1400 

63.2  1233  .             16  1000 

75.8  134(5  40  1200 

75.8  1224  64  1200 

76.0  1080  88  1200 

76.2  949  113  1200 

75.8  807  136  1200 

76.0  637  160  1200 

76.0  469  184  1200 

75.8  277  208  1200 


Division  i.  Head.  108.2  ft. 

71.4  1502  16  1200 

83.4  1561  48  1400 

83.2  1372  80  1400 

83.4  1193  112  1400 

83.2  756  176  1400 

83.4  564  208  1400 

83.2  231  ■   240  1400 

89.0  ]9r,l  0  1".()0 
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lULLKTlN   <>|'    llli;    IMNDltSI'lV   oK    WISCONSIN 


Division  j. 

Hcn.l.   lis. 7  ft 

Time 

Total 

Corrected 

Di 

sella  rj^c 

Seconds 

Revohitions 

Brake  Wcig 
oz. 

ht 

in 

I'ounils 

84.6 

1601 

64 

1500 

85.0 

1332 

112 

1500 

85.0 

1108 

.    152 

1500 

84.8 

.826 

192 

1500 

85.2 

358 

232 

1500 

84.8 

334 

256 

1500 

85  .T) 

1967 

0 

1500 

Division  k.     Head,  130.0  ft. 

81,6  1974  0  1500 

80.8  1882  16  1500 

81.4  1553  80  1500 

80.8  1307  128  1500 

81.6  1050  176  1500 

81,4  756  224  1500 

81.4  407  272  1500 

Division  1.     Head,  141.8  ft. 

77.8  1980  0  1500 

78.4  1906  16  1500 

77.8  1652  64  1500 

77.8  1445  112  1500 

78.2  1220  160  1500 

78.0                                     947  208  1500 

77.8                                     087  256  1500 

78.4                                     354  304  1500 

Division  m.     Head,  153.4  ft. 

75,0  1917  16  1500 

74.8  1681  64  1500 

74.6  1479  112  1500 

74.8  1277  160  1500 

74.8  1048  208  1500 

75.0                                    797  256  1500 

74.0                                      524  304  1500 

75.0  1979  0  1500 

[570] 
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Division  n.     Head,  10:,. o  ft. 


Time 

Total 

f'orrt'ctetl 

D 

sella  !•!,'( 

Seconds 

Revolutions 

BraK 

e  Weiglit 
oz. 

in 

Pouii(l> 

74.8 

2053 

0 

]5II() 

72.2 

1917 

16 

1.5(M) 

72.2 

1731 

64 

1500 

72.2 

l.-)H) 

112 

1500 

72.0 

I.IJT 

160 

1.500 

72.2 

1112 

208 

1.500 

72.6 

8S2 

256 

1500 

72.6 

657 

304 

1.500 

72.2 

:i63 

3.52 

15fK) 

Table  F.     Valve  Opexixg,  100  Per  Cext. 
I  >ivisi(>ii  a  .     Heart,  a-'..'.',  ft. 


Time 

To  Lai 

C 

orrected 

Di 

sella  rir< 

Seconds 

Revolutio 

ns 

Brake  Weight 

in 

rounds 

oz. 

125.4 

929 

0 

800 

78.8 

470 

8 

500 

79.2 

359 

16 

500 

78.8 

238 

24 

500 

126.8 

222 

28 

son 

Divisi 

)n  1). 

Head 

2.-..n  ft. 

93.6 

950 

0 

son 

93.(5 

849 

8 

soo 

93.2 

651 

24 

son 

93.6 

558 

32 

soo 

93.2 

455 

40 

siiri 

94.0 

148 

72 

800 

[oU 
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r.r I, i.Ki'iN  tii-  iiii:  im\i:i{sitv  m-  Wisconsin 


I")i\isi(>n  c. 

IT«>:i( 

1,    .!(•).(•.   fl. 

Tiiiu' 

Total 

Corrcctod 

Dischai-f^c 

Sivonds 

Kcvdhitions 

Bi 

[•akc  Woij^ 
oz . 

lit 

in 

Poniuls 

7G.4 

965 

0 

800 

95.6 

11-25 

8 

1000 

9.5.  S 

877 

32 

1000 

95.4 

616 

.56 

1000 

95.6 

390 

72 

10  DO 

95.6 

186 

84 

]()0() 

Division  d.     Head.  49.4  ft. 

66.0  971  0  800 

82.4  1155  8  1000 

82.2  905  40  1003 

82.0  833  48  1000 

82.4  650  72  1000 

82.0  398  96  1000 

82.6  221  112  1000 


Division  e.     Head.  61.0  ft. 

74.0  1217  0  1000 

95.8  1525  8  1300 

96.0  12.54  40  ISOO 

96.4  990  72  1300 

95.8  709  104  1300 

96.0  509  120  1300 


Division  f.     Head.  72.6  ft. 

67.8  1216  0  1000 

88.8  1478  8  1300 

88.4  1249  48  1300 

88.2  1090  72  1300 

88.4  923  96  1300 

88.0  731  120  1300 

88.6  510  144  1300 

88.6  255  164  1300 


[572] 


MRATI— -IMII-;  'IAN(  iKX'lI  AI.   \VAri:i;    W 1 1 1:  K I ,  -JQ;^ 


l>i vision  .■;.      Ilciid.  sa.O  ft 


Time 

Total 

("orn-ctcd 

Disi|iirir< 

Seconds 

K(>V(i]iiti<>ns 

r.r.ikc  Wi'i-hl 

OZ. 

in  I'lHuiil- 

75.4 

1467 

0 

1200 

82.6 

l.-)04 

8 

1300 

82.6 

1302 

43 

1300 

82.2 

1009 

80 

1300 

82.6 

920 

112 

1300 

82.6 

676 

144 

1300 

Division  li. 

Head.  95.3  ft. 

70.4 

1468 

0 

1200 

77.8 

152.') 

8 

1 300 

77.4 

1340 

48 

1300 

77.4 

1174 

80 

1.300 

77.2 

09S 

112 

1300 

77.6 

81.) 

144 

1300 

77.4 

606 

176 

1300 

Division  i. 

ITcad.    1()S.3  ft. 

77.8 

17ir, 

0 

1400 

84.0 

1 768 

8 

1.500 

83.8 

1540 

56 

1500 

83.8 

1317 

96 

1500 

83.4 

1104 

136 

1.500 

84.0 

844 

176 

1 500 

83.8 

577 

216 

1.500 

I  >lvision  j.      Head.    1 1^.7  ft . 

74.4  1723  0  1400 

80.0  1781  8  1500 

SO.O.  1.527  64  1.500 

79.  S  1.3?5  104  1.500 

80.0  1130  144  1.500 

80.2  893  184  1.500 

79.8  66S  224  1.500 

80.0  3S2  264  1.500 


[573] 


I,(^  I'.ri.i.ivi'iN  tti'  mm:  rMM;i;sriv  ok  w  istuxsiN 

Division  k.     Head,  130.1  ft. 


Time 

Total 

Corrected 

Discharge 

Seconds 

Revolutions 

Brake  Weight 

in  Pounds 

oz. 

70.6 

1713 

0 

1400 

76.2 

1780 

16 

1500 

76.8 

1548 

64 

1500 

76.8 

1320 

112 

1500 

76.2 

1102 

160 

1500 

76.6 

832 

208 

1500 

76.2 

558 

256 

1500 

76.2 

392 

288 

1500 

Division  1. 

Head 

141.9  ft. 

73.2 

1859 

0 

1500 

73.4 

1796 

16 

1500 

73.4 

1578 

64 

1500 

73.4 

1380 

112 

1500 

73.4 

1161 

160 

1500 

73.0 

936 

208 

1500 

73.2 

718 

256 

1500 

73.2 

418 

314 

1500 

Division  m. 

Head 

153.0  ft. 

70.0 

1793 

16 

]  500 

69.8 

1527 

80 

1500 

70.0 

1346 

128 

1500 

70.0 

1161 

176 

1500 

70.0 

944 

224 

1500 

70.0 

735 

272 

1500 

70.0 

479 

320 

1500 

Division  n. 

Head, 

165.1  ft. 

67.2 

1783 

16 

1500 

67.6 

1553 

80 

1500 

67.8 

1331 

144 

1500 

67.8 

1160 

192 

1500 

G8.0 

961 

240 

1500 

82.0 

849 

288 

1800 

67.8 

532 

336 

1500 

67.8 

334 

368 

1500 
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UNIVERSITY  OF  TORONTO 
LIBRARY 


Acme   Library   Card    Pocket 

Under  Pat.  "  Kef.  Index  I'ile." 
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